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FOREWORD 


Thp  work  presented  in  this  report  was  performed  by  Goodyear  Aircraft  Corporation,  Akron, 
Ohio,  under  toe  authority  of  Project  8  (7-6065),  Task  61526,  entitled  "Feasibility  Study  for  a  Balloon 
Type  Stabilization  and  Deceleration  System  for  High-Altitude  and  High-Speed  Recovery, "  and  Air 
Force  Contract  No.  AF33(616)-6010. 

This  is  the  final  report. 

Mr.  T.  J.  Cox,  Flight  Accessories  Laboratory,  Wright  Air  Development  Division,  served 
as  contract  monitor. 

The  authors  and  contributing  personnel  of  Goodyear  Aircraft  Corporation  who  cooperated  in 
the  research  and  the  preparation  of  this  report  were:  F.  R.  Nebiker,  Project  Engineer;  N.  T. 
Karaffa,  Report  Coordinator;  L.  M.  Cerreta,  Thermal  and  Flow  Analysis;  J.  J.  Graliam,  Design; 

N.  E.  Houtz,  Structural  Analysis. 
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ABSTRACT 


On  the  basis  of  the  theoretical  and  experimental  wind  tunnel  test  data  obtained,  it  has  been 
concluded  tiiat  an  inflatable  sphere  is  a  practicable  stabilization  and  deceleration  system  for  initial 
recovery  from  high -altitude,  high-speed  flight  regimes  (up  to  Mach  4.  0  at  200,  000  feet).  Inflatable 
spheres  tested  were  fabricated  utilizing  standard  manufacturing  methods  and  readily  available  ma¬ 
terials.  The  recovery  system  tested  exhibited  considerable  potential  as  an  initial  stabilization  and 
deceleration  recovery  system  for  a  disoriented  or  tumbling  high-altitude,  high-speed  payload.  In¬ 
cluded  in  this  report  are  theoretical  and  wind  tunnel  test  data  on  the  effects  of  various  shaped  pri¬ 
mary  bodies  on  a  secondary  spherical  body  at  various  trailing  distances.  Also  included  is  a  limited 
amount  of  experimental  data  on  flight  testing  of  a  full-scale  operational  unit. 
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SECTION  I 


INTRODUCTION 


Under  contract  AF33(616)-6010,  Goodyear  Aircraft  Corporation  has  conducted  a  detailed 
study  and  test  program  to  establish  a  feasible  high -altitude,  high-speed  recovery  system  utilizing 
expandable  structures. 

with  the  advent  of  high-speed,  high-altitude  flight,  new  methods  of  stabilization  and  de¬ 
celeration  must  be  developed  for  successful  recovery  of  such  payloads  as  manned  escape  c^sules, 
rocket  boosters,  nose  cones,  and  instrument  data  packages.  Initial  stabilization  is  required  so  that 
protective  re-entry  devices  (heat  shields,  ablation  shields,  drag  producing  devices)  of  a  payload 
tumbling  or  disoriented  in  space  can  be  aligned  with  the  flight  path.  Initial  deceleration  is  required 
to  reduce  aerodynamic  heating  and  loading,  and  to  gradually  reduce  the  velocity  of  the  payload 
through  a  varying  dynamic  loading  regime. 

If  conventional  methods  of  recovery  are  to  be  utilized  in  the  final  stage,  it  is  particularly 
important  that  the  velocity  of  the  payload  be  gradually  reduced  as  the  payload  re-enters  the  atmos¬ 
phere  from  high-speed,  high-altitude  flight.  Recent  investigations  indicate  that  conventional  para¬ 
chutes  are  not  satisfactory  for  this  first-stage  deceleration,  because  of  aerodynamic  heating  and 
erratic  loading  at  supersonic  flow  conditions. 

An  initial  deceleration  system  which  will  reduce  the  velocity  of  the  payload  by  substantially 
decreasing  its  ballistic  coefficient  will  lessen  the  initial  shock  on  the  payload  and  on  final  recovery 
devices  such  as  rotor  blades,  flexible  wings,  inflatable  wings,  and  parachutes. 

The  three-fold  objectives  of  this  study  and  test  program  are  as  follows; 

(1)  To  conduct  an  analysis  of  the  feasibility  and  practicality  of  an  inflatable  system 
for  initial  stabilization  and  deceleration  at  velocities  up  to  Mach  4. 0  at  an  altitude 
of  200,000  feet  over  a  range  of  six  ballistic  coefficients  (W/CqA)  -  0. 1,  1.0, 

10,  25,  50,  and  100.  This  system  is  to  perform  down  to  an  altitude  of  60,000 
feet. 

(2)  To  select  a  ballistic  coefficient  (W/CdA)  and  to  design,  fabricate,  and  test  a 
scale-model  inflatable  drag  producing  system.  Existing  materials  and  methods 
were  to  be  used  in  the  design  and  fabrication  of  the  partial  and  full  scale  model. 
Subsystem  functionals  and  wind  tunnel  tests  were  to  be  included  in  the  testing. 

(3)  To  design  and  fabricate  a  full-scale  mock-up,  perform  functional  tests  to  verify 
design,  and  design,  fabricate,  and  test  a  full-scale  operational  system.  The  sys¬ 
tem  would  be  capable  of  operation  at  a  velocity  of  Mach  4. 0  at  an  altitude  of 

200, 000  feet;  gross  weight  of  recoverable  payload,  500  pounds;  gross  weight-to- 
drag  ratio  (W/CdA)  selected  from  the  results  of  the  an^ytical  study,  considering 
material  and  design  installation  requirements. 

This  report  presents  the  results  of  the  preliminary  theoretical  analysis,  the  supporting 
wind  tunnel,  design,  and  functional  test  data.  The  final  detail  design  criteria  of  the  full-scale  sys¬ 
tem  selected  by  mutual  agreement  between  WADD  personnel  and  Goodyear  Aircraft  Corporation  is 
also  included. 


Manuscript  released  by  the  authors  23  August  1961  for  publication  as  a  WADD  Technical  Report. 
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SECTION  n 


DISCUSSION 


Flii^lU  vehicle  performance  has  reached  a  point  at  which  previous  concepts  of  recovery 
systems  for  manned  or  unmanned  vehicles  are  no  longer  satisfactory.  At  supersonic  velocities 
utilization  of  a  conventional  parachute  for  initial  stabilization  and  deceleration  is  presently  not 
adequate  with  regard  to  reliability  and  performance.  Conventional  fabric  parachutes  do  not  fully 
inflate  under  these  conditions  and  do  not  have  satisfactory  stability  characteristics  and  capability 
of  withstanding  aerodynamic  heating  and  loading  which  are  necessary  for  successful  recovery. 

During  the  preliminary  study  phase  to  develop  a  system  for  providing  initial  stabilization 
and  deceleration,  trajectories,  aerodynamic  characteristics,  thermodynamic  effects,  load  distri¬ 
butions,  and  stress  factors  were  investigated  for  various  inflatable  shapes. 


The  aerodynamic  study  revealed  that  an  isolated  sphere  in  subsonic  flow  is  stable  only  in 
the  supercritical  regime  (R^  3.  85  x  lO^),  Below  this  critical  Reynolds  number,  the  flow  is  laminar 
and  the  Von  Karman  vortex  streets  are  released  at  spasmodic  intervals  from  the  after-portion  of 
the  sphere,  creating  unbalanced  forces  and  resultant  inslability.  In  the  supercritical  regime  at 
subsonic  and  transonic  speeds,  the  flow  separates  evenly  aft  of  the  sphere,  resulting  in  balanced 
forces  and  stability.  However,  positive  flow  separation  occurs  at  supersonic  and  hypersonic 
conditions  ■without  Reynolds  number  considerations.  The  non- lifting  aerodynamic  property  of  a 
sphere  ■was  also  considered  desirable  for  a  stable  drag  device. 

The  stress  analysis  study  further  confirmed  the  feasibility  of  utilizing  a  spherical  shape 
during  these  preliminary  stages  to  develop  a  practical  recovery  system  because  of  structural 
simplicity.  The  spherical  shape  is  advantageous  in  that  its  shape  is  maintained  without 
complicated  tailoring  and  internal  bracing,  distribution  of  stresses  resulting  from  aerodynamic 
loads  and  internal  pressures  are  more  uniform,  and  the  inflation  method  does  not  require  complex 
manifolding  or  controL  The  drag  load  ^plied  at  a  single  point  should  be  equally  distributed  to  the 
inflated  structure  to  avoid  undesirable  stress  concentrations.  The  drag  load  can  be  equally 
distributed  to  a  spherical  shape  by  a  network  of  meridian  cables  encircling  a  sphere. 

Various  methods  were  investigated  to  determine  a  light-weight  system  for  inflating  the 
drag  device  at  high  altitudearj  and  to  maintain  sufficient  pressure  during  the  descending  portion  of 
trajectory,  thereby  providing  the  necessary  initial  deceleration  and  stability  for  recovery. 

Because  of  the  near  vacuum  at  the  initial  flight  condition  (200,  000-foot  altitude  at  zero 
velocity),  the  air  pressure  required  to  inflate  a  sphere  is  approximately  1/3000  of  that  required 
at  sea  level. 

In  addition  to  the  foregoing,  consideration  iiad  to  be  given  to  determining  the  effect  of 
the  distance  between  the  primary  shape  and  secondary  (trailing)  shape.  Only  a  nominal  amount  of 
data  was  available  on  effects  of  the  primary  shape  on  the  secondary  shape;  therefore,  various¬ 
shaped  primary  shapes  were  also  considered. 

Considerable  effort  was  expended  on  the  determination  of  the  optimum  method  of  suspension 
and  deployment  for  stabilization  of  a  towed  inflatable  drag  device  at  subsonic,  transonic,  and  super¬ 
sonic  speeds. 

Therefore,  for  the  foregoing  reasons,  a  spherical  shape  with  a  network  of  meridian  cables 
and  a  lightweight  pressure  system  was  determined  to  be  the  most  optimum  experimental  design  for 
an  inflatable  decelerating  and  stabilizing  device. 
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SECTION  III 


PRELIMDSTARY  STUDY  PROGRAM 


A.  TRAJECTORY  ANALYSIS 

A  complete  trajectory  analysis  of  the  high-speed  recovery  and  the  free-fall  flight  conditions 
for  each  of  the  given  ballistic  coefficient  or  W/A  conditions  was  obtained  using  digital  computer 
equipment.  The  trajectory  program  used  was  one  that  had  been  in  the  process  of  refinement  and  im¬ 
provement  over  several  months. 

For  the  trajectory  analysis,  two  basic  assumptions  were  made: 

(1)  The  inflatable  drag  producing  device  is  considered  to  be  a  perfect  sphere. 

(2)  Shielding  effects  of  any  payload  leading  the  device  are  neglected  in  drag  estimates.  Mu¬ 
tual  interference  of  flow  fields  is  neglected.  This  probably  leads  to  somewhat  optimistic 
(high)  drag  value  s  for  the  drag  device  payload  system .  Drag  of  the  payload  is  neglected. 

The  equations  of  motion  and  symbol  definitions  used  in  the  trajectory  analysis  are  given  in 
.Appendix  n.  Orbit  equations  for  a  body  in  motion  under  the  influence  of  the  inverse  square  attraction 
only  are  shown  in  Eq  (1)  through  (14). 


v2  ;  v2  + 

X  z 

r  -  Z  +  20,  908,  800  -  Z  +  ^E* 

e  =  I  \/rvJ  -  +  (rV^V,)^  where  n  »  1.4065107  x  1016. 


(1) 

(2) 

(3) 


rVxV, 

tan  0  =  — - - .  (41 


Vj,  >yr(2M  -  rV2) 

tan  E  =  -  .  (5) 

rV2  -  u 


rn 

2iu  -  rV2 


(6) 


At  =  [j;  +  2  e  cos  (E  +  A  E/2)  sin  (AE/2)^. 

AZ  =  -e  a  sin  (E  +  AE/2)  sin  (AE/2) . 


(7) 

(8) 


(Vxr)  -  Vxo 


r  +  AZ 


(9) 


WADD  TR  60-182 


5 


The  change  of  velocity  due  to  aerodynamic  drag  during  a  time  increment  is  given  by  Eq  (16) 


where  q  and  Cd  functions  of  time.  The  dynamic  pressure  (q  ■  1/2 p  V2)  is  affected  by  the  ra¬ 
pidly  changing  atmospheric  density  (p)  with  respect  to  time  for  the  high  vertical  velocities  (since  it 
is  approximately  exponential  with  altitude).  This  being  the  case,  the  integral  is  approximated  in  the 
computer  by  assuming  the  following:  (1)  A  constant  vertical  velocity  over  each  increment  and  (2)  a 
constant  rate  of  change  of  log  density  with  altitude  that  is  equal  to  ^e  rate  of  change  of  log  density 
at  the  initial  altitude.  With  the  assumptions  included  in  Eq  (15),  the  equation  becomes: 


Since  Cq  is  also  a  variable,  the  curve  of  the  drag  coefficient  of  a  smooth  sphere  versus 
Mach  number,  for  both  the  subcrilical  and  supercritical  Reynolds  number,  was  obtained  from  re¬ 
cent  data.  Equations  were  developed  for  this  curve  for  programming  in  the  computer.  Stabiliza¬ 
tion  accessories  were  not  considered. 

The  change  of  vertical  position  due  to  aerodynamics  was  approximated  as  shown  in  Eq  (18). 


/At 

^''^aero  * 


(18) 


Similar  assumptions  were  made  for  horizontal  velocity  and  position.  The  accelerations  were 
resolved  into  vertical  and  horizontal  components. 

From  the  preceding  development,  it  may  be  seen  that  the  choice  of  the  computer  increment 
affects  the  accuracy  of  the  aerodynamic  section  only.  The  inertial  -  gravitational  portion  is  exact 
under  the  assumptions  of  a  perfectly  spherical  non-rotating  earth  with  a  radius  of  3960  status  miles 
and  a  mass  of  1.4065107x1016/0  slugs  where  G  is  the  universal  gravity  constant.  The  gravitational 
influence  of  all  other  bodies  is  ignored. 

The  computer  program  was  chosen  so  that  the  ratio  of  the  non-exact  portion  of  the  solution  to 
the  exact  portion  would  be  small.  This  was  accomplished  by  selecting  an  interval  and  testing  it  to  find 
this  ratio.  If  the  ratio  excee^d  the  arbitrary  limit,  the  increment  was  reduced  and  tested  again. 

This  was  repeated  until  the  ratio  was  sufficiently  small.  (For  this  analysis  the  arbitrary  ratio  selec¬ 
ted  was  five  percent. )  Since  it  is  possible  for  no  change  to  occur  in  the  gravitational  inertial  term  in 
the  case  of  the  high-speed  recovery,  a  zero  interval  would  take  place  in  such  a  case.  This  is  avoided 
by  setting  an  arbitrary  lower  limit  on  the  gravitational-inertial  term  used  in  defining  the  ratio. 

In  actual  practice  three  ratios  are  used.  They  are  the  ratio  of  the  change  due  to  outside 
forces  to  the  gravity-inertia  change  of  (1)  altitude,  (2)  horizontal  velocity,  and  (3)  vertical  velocity. 

The  use  of  the  chosen  AE  increment  for  the  lowest  weight  to  drag  ratios  produced  extremely 
lengthy  computer  runs  because  of  an  extremely  small  increment  in  these  cases. 
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other  formulae  involved  in  the  solution  of  the  general  problem  include  those  for  finding  at¬ 
mospheric  properties  as  a  function  of  altitude  (see  Figure  1).  These  formulae,  listed  in  Reference  1 
as  modified  by  the  Smithsonian  Astrophysical  Observatory  on  the  basis  of  Sputnik  I  observations  as 
of  March  1958,  are  as  follows; 

H  =  Z  (1  +  Z/Re)  . 


Tm  =  Tmb  +  %  (H  -  Hg). 


-Q  (H  -  Hb) 

P  =  P,,  exp  where  Q  is  a  constant  and  Lm  “  0. 


-Q  Tj^ 

P  =  Pb  exp  -  In  -  where  Q  is  a  constant  and  Lj^  /  0. 


(M/Re) 


where  M/Re  =  constant, 


density , 


X  /y  (Re)  Tm  ,  ,  , 

Vg  =V  -  where  y  -  constant 

Mg  and  Vg  =  velocity  of  sound.  (24) 

The  results  of  the  computer  work  for  both  the  high-speed  recovery  (Mach  4. 0  from  200, 000 
to  60,  000-foot  altitude  level  flight)  and  the  free-fall  flight  (zero  velocity  from  100,000  to  60,000-foot 
altitude  vertical  flight)  conditions  are  shown  in  Figures  1  through  13.  These  data,  although  based  on 
theoretical  curves,  were  analyzed  and  were  utilized  in  the  determination  of  the  recovery  system  re¬ 
quirements.  Curves  of  altitude,  velocity,  Mach  number,  and  acceleration  versus  time  are  given  for 
each  W/CjjA  and  each  W/A. 

The  free-fall  flight  condiUons  covered  a  low  velocity  range  increasing  from  zero  velocity  at 
initiation  of  the  fall.  Because  of  this  fact,  the  inflatable  drag  device  passes  through  the  region  of  cri¬ 
tical  Reynolds  number, causing  a  decrease  in  its  drag  coefficient  at  some  point  in  its  trajectory,  de¬ 
pendent  on  its  diameter.  Based  on  this  observation, it  was  felt  tliat  computer  runs  using  both  the  sub- 
critical  and  supercritical  portions  of  the  drag  coefficient  curve  shown  inFigures  14  and  15  would  be  of  value. 

As  may  be  noted  from  the  resultant  curves  for  the  free-fall  condition,  this  change  in  drag 
based  on  Reynolds  number  has  a  significant  effect  at  the  lower  W/A  values,  but  the  magnitude  of  this 
effect  decreases  considerably  with  increase  in  the  weight  to  drag  area  ratio. 

B.  AERODYNAMIC  ANALYSIS 

Since  a  spherical  shape  was  selected  as  a  basis  for  the  analytical  study,  it  was  necessary 
to  investigate  the  aerodynamic  properties  of  such  a  body  with  special  regard  to  drag  producing 
ability,  pressures  existing  on  the  body,  and  stability. 

The  spherical  drag  body  offers  an  efficient  drag  producing  device  at  supersonic  speeds  as 
shown  by  the  drag  coefficient  curve  in  Figure  15.  The  stagnation  pressures  and  the  pressure  coeffi¬ 
cient  distribution  encountered  by  the  sphere  over  the  Mach  number  range  given  are  shown  in  Figures 
16  and  17.  Based  on  both  theoretical  and  experimental  results,  the  pressure  distribution  over  the 
spherical  surface  is  given  for  the  various  Mach  numbers  in  Figure  18. 

As  the  inherent  stability  of  the  sphere  was  held  to  be  an  extremely  important  factor,  a  de¬ 
tailed  study  of  this  property  was  made,  based  on  existing  aerodynamic  knowledge.  The  stability  of  a 
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Figure  1.  Properties  of  Atmospheric  Air  versus  Altitude 
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Figure  2.  Altitude  versus  Time  for  a  High-Speed  Recovery  Using  a  Spherical  Drag  Device 
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Figure  5.  Velocity  versus  Time  for  a  High-Speed  Recovery  of  a  Spherical  Drag  Device 
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Figure  8.  Mach  Number  versus  Time  for  a  High-SpeeaflRecovery  Using  a  Spherical  Drag  Device 
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Figure  11.  Acceleration  versus  Time  for  a  High-Speed  Recovery  of  a  Spherical  Drag  Device 
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Figure  14.  versus  Reynolds  Number  for  a  Sphere  (Average  Curve) 


Figure  15.  Drag  Coefficient  of  a  Sphere  versus  Mach  Number 
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Figure  18.  Pressure  Distribution  Over  a  Sphere 
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solid  sphere  is  directly  related  to  the  flow  field  around  the  sphere.  The  evaluation  of  the  flow  field 
around  a  solid  sphere  is  divided  into  subsonic,  transonic,  and  supersonic  flow. 

1.  Subsonic  Flow 

The  only  force  acting  on  a  solid  sphere  under  constant  velocity  is  drag,  resulting  from  the 
pressure  distribution  on  the  body.  A  change  in  the  pressure  distribution  will  change  the  center  of 
pressure,  causing  the  body  to  oscillate  because  of  unbalanced  moments  about  the  center  of  gravity. 

An  unstable  pressure  distribution  moves  the  center  of  pressure,  causing  the  sphere  to 
rotate  about  the  center  of  gravity  until  summation  of  moments  about  the  center  of  gravity  equals 
zero.  (IMcg  =  0.)  A  changing  flow  field  (i.e. ,  a  changing  pressure  distribution)  causes  the  body 
to  oscillate. 

The  flow  around  the  upstream  part  of  the  sphere  is  stable.  If  the  flow  around  the  downstream 
part  of  the  sphere  is  stable,  the  sphere  may  be  assumed  to  be  stable.  Flow  over  a  cylinder  lends 
itself  to  theoretical  treatment,  but  little  is  known  of  the  three-dimensional  flow  in  the  wake  of  a 
sphere.  However,  a  correlation  of  the  following  experimental  data  on  two-dimensional  flow  about  a 
cylinder  seems  logical  to  three-dimensional  flow  about  a  sphere: 

(1)  When  the  cylinder  is  in  the  Reynolds  number  range  of  200  to  1  x  103,  a  regular 
succession  of  vortices,  known  as  the  Von  Karman  vortex  sheet,  are  shed  at 
regular  intervals.  By  Helmoltz  vortex  laws,  the  cylinder  oscillates  with  the 
same  frequency^as  that  at  which  the  vortices  are  shed  (see  Reference  2,  pp 
292  and  293). 

(2)  The  Reynolds  number  regime,  1  x  10^  to  6  x  10^,  is  a  transition  range.  The 
flow  field  changes  from  vortex  shedding  to  all  turbulent  flow.  As  higher  speeds 
are  reached,  the  wake  flow  is  turbulent,  effectively  a  steady  state  condition  is 
reached,  and  the  sphere  is  stable. 

In  three-dimensional  flow  for  a  sphere,  there  is  evidence  that  a  spiral  vortex  train  develops 
in  the  Reynolds  number  rajige  200  to  1  x  105.  No  systematic  investigation  of  the  periodicity  of  the 
discharge  under  different  conditions  appears  to  have  been  made. 

At  higher  Reynolds  numbers,  the  vortex-shed  and  the  vortex-loops  diffuse  very  rapidly.  At 
still  greater  Reynolds  numbers,  the  flow  becomes  completely  turbulent  (see  Reference  3,  p  577). 

The  experimental  results  prove  that  in  a  certain  Reynolds  number  range  the  flow  field  in  the 
wake  of  a  sphere  is  not  stable.  It  is  concluded  that  a  solid  sphere  in  a  subsonic  flow  field  is  stable  in 
the  Reynolds  number  range  of  0  to  200  and  for  a  Reynolds  number  greater  than  1  x  10®. 

2.  Transonic  and  Supersonic  Flow 

In  this  flow  range  the  drag  coefficient  (Cd)  is  a  function  of  Mach  (M)  and  Reynolds  numbers 
(Rn)  with  M  being  the  controlling  independent  variable.  No  evidence  of  unstable  spheres  in  transonic 
or  supersonic  flow  has  been  found.  However,  there  is  evidence  of  stable  spheres  in  transonic  and 
supersonic  flow: 

(1)  Ballistic  data  shows  that  spheres  fired  from  guns  are  stable. 

(2)  Schlieren  system  photographs  have  been  taken  of  spheres  at  supersonic  flight 
speeds  which  show  definite  turbulent  wakes  (see  Reference  4,  p  350).  A  turbu¬ 
lent  wake,  with  no  vortex  shedding,  results  in  a  stable  sphere. 

(3)  The  trajectory  of  a  sphere  at  supersonic  and  hypersonic  speeds  can  be  predicted. 
(Schlieren  photographs  can  be  made  of  free-flight  spheres. ) 

As  the  results  ot  the  analysis  indicate  that  the  Reynolds  number  for  most  of  the  W/CdA 
conditions  falls  into  the  stable  range  for  the  high-speed  recovery  to  60, 000  feet  (see  Figure  19), 
stability  of  an  isolated  spherical  drag  device  may  be  assumed.  For  the  free-fall  flight  conditions. 
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however,  the  spherical  drag  device  will  pass  through  the  unstable  range  200  Rn  to  1  x  10®.  Although 
the  free-flight  conditions  were  not  considered  a  critical  design  parameter,  wind  tunnel  tests  were 
made  to  indicate  the  effects  of  this  increasing  velocity  on  the  stability  of  the  spherical  drag  device 
during  the  drop  (tests  described  in  Section  V). 

Despite  the  fact  that  the  sphere  itself  may  be  assumed  stable  during  the  high-speed  recovery, 
very  little  information  exists  with  regard  to  the  stability  of  an  inflatable  sphere  system.  Wlien  the 
sphere  is  attached  to  a  payload,  it  may  no  longer  exhibit  the  properties  of  an  isolated  body.  However, 
additional  wind  tunnel  tests  were  made  to  indicate  the  characteristics  of  such  a  system  and  are  de¬ 
scribed  in  Section  V.  Results  of  these  tests  indicated  a  relatively  stable  body  when  rigged  with  a  nose 
cone  and  burble  fence  (see  Figure  20). 

C.  THERMODYNAMIC  ANALYSIS 

A  thermodynamic  investigation  was  made  based  on  the  information  obtained  from  the  pre¬ 
vious  flight  analysis  to  determine  the  heating  effects  encountered  by  inflatable  spheres  for  the  various 
W/CdA's  during  the  high-speed  recovery  and  the  vertical  drop  test. 

The  radiation  equilibrium  stagnation  point  temperatures  shown  in  Figure  21,  22,  and  23 
were  computed  using  the  available  trajectory  information  for  the  various  W/CdA  ratios.  Sphere 
radii  for  the  given  W/CdA  values  were  calculated  using  the  total  weight  of  the  recovery  system  and 
a  fabric  weight  of  0.056  lb/ft2. 

Supersonic  flow  correlations  from  Van  Driest  were  used  in  calculating  the  aerodynamic 
heating  rates  in  the  vicinity  of  the  stagnation  point.  The  heating  rates  were  then  equated  to  the 
radiation  equilibrium  correlation  for  obtaining  the  temperatures  by  steady  state  solutions.  An 
emissivity  of  0.8  was  assumed  in  these  calculations. 

These  temperatures  are,  in  general,  the  maximum  to  be  expected  during  the  descent  of  inflat¬ 
able  spheres  during  high-speed  recovery.  An  investigation  of  the  Reynolds  numbers  shows  that  tran¬ 
sition  from  laminar  to  turbulent  flow  may  occur  somewhere  along  the  surface  of  the  spheres  with 
W/doA  Of  SO  lb  loOi  Thih  ihaiihltidH  way  hfehuli  ih  an  indhsase  in  ihe  heal  ihaneiet*  i*aiB  and  ebwewhal 
higher  tewtiefatuhe  (appfbxlwai^y  20%)  lhan  these  indicated  at  the  stagnation  points,  ttowevec  iot* 
W/CdA,  of  less  than  50,  where  the  flow  is  laminar,  this  temperature  rise  will  not  occur. 

The  basic  equation  used  in  calculation,  the  heat  transfer  rate/steady  state  conditions  for 

the  high-speed  recovery  systems,  Is  as  follows; 


qstag  *  Ch  Cp^  (Tr-Tg)  (see  Reference  5).  (25) 


Since  the  time  of  deceleration  for  an  inflated  drag  device  is  on  the  order  of  several  minutes, 
it  was  decided  that  a  transient  solution  for  a  closer  approximation  of  the  actual  temperatures  to  be 
experienced  could  be  obtained  using  IBM  650  computation  of  Eq  (26),  (27),  and  (28)  rather  than  the 
steady  state  condition  under  which  the  temperatures  in  Figures  21  and  22  were  calculated. 


♦The  convective  heat  transfer  term  in  Eq  (27)  was  calculated  using  the  Van  Driest  corre¬ 
lation  and  the  trajectory  data. 
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Figure  22.  Equilibrium  Stagnation  Point  Temperatures  versus  Altitude  for  High-Speed  Recovery 
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A  comparison  of  these  transient  solutions  with  curves  based  on  the  radiation  equilibrium  in¬ 
formation  obtained  previously  indicates  that  the  heating  effects  are  less  severe  than  anticipated. 

An  investigation  was  made  to  determine  what  temperatures  could  be  encountered  during  the 
free-fall  flight  conditions.  The  heating  effects,  however,  were  found  to  be  so  slight  that  no  critical 
conditions  were  encountered. 

The  total  temperatures  for  this  free-fall  condition  were  calculated  from 

Ts  -  T^[i  +  0-2(M^2)^.’'  (29) 

♦using  a  recovery  factor  of  1. 


The  maximum  temperature  encountered  by  any  of  the  inflatable  sphere  systems  was  found 
to  be  less  than  lOQOF  for  the  free-fall  condition. 

D.  STRESS  ANALYSIS 

An  investigation  was  conducted  of  spherical  drag  body  stresses  and  deformations  under 
various  conditions  of  loading.  Several  systems  of  suspension  were  considered  along  with  early  de¬ 
sign  concepts  of  the  balloon. 

The  single-line  suspension  system,  using  one  cable  attached  directly  to  the  apex  of  the 
spherical  drag  body  gores,  would  produce  very  high  stresses  around  the  attachment  point  and  would 
require  the  spherical  drag  body  to  deform  considerably  from  its  spherical  shape  imder  load.  The 
single-line  system  could  be  combined  with  some  sort  of  internal  suspension  as  an  aid  in  supporting 
the  load;  however,  such  internal  structure  is  undesirable  from  the  standpoint  of  construction,  and  it 
was  not  chosen  for  consideration  in  the  early  stages. 

A  modification  of  the  multiline  system,  which  is  treated  in  this  analysis,  was  used  in  an 
attempt  to  distribute  the  applied  load  over  a  large  area  and  thereby  reduce  fabric  stresses.  The 
preliminary  design  concept  considered  for  development  of  the  deformation  theory  was  a  spherical 
drag  device  with  a  suspension  system  as  shown  in  Figure  24.  In  this  design  the  suspension  cables 
are  attached  to  a  cable  hoop  bearing  against  the  fabric  in  the  forward  section  of  the  sphere. 

The  evaluation  of  the  drag  load  was  made  using  the  pressure  distributions  over  a  sphere 
as  shown  in  Figures  18  and  25. 

The  stress  analysis  of  the  spherical  drag  device  is  shown  schematically  in  Figures  25 

and  26. 


It  was  found  that  the  pressure  distribution  over  the  front  half  of  the  sphere  can  be  closely 
approximated  by  the  function  (Po  +  A  +  B  c082<4'  for  any  given  Mach  number  (see  Figure  18). 

The  pressure  over  the  back  Ijalf  is  assumed  to  be  a  constant  for  each  Mach  number  (Po+ 

If  a  differential  strip  enclosed  by  angle  d^  is  considered,  as  in  Figure  26,  taking  the  com¬ 
ponent  of  Pq  in  the  vertical  direction: 


dD  =  2ffa2  sinv>  cos0  Po^^fr  . 
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Figure  24.  External  Hoop  Suspension  System 
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Figure  25.  Stress  Schematic  of  Spherical  Drag  Body 
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,  I  Pq  (2'^ad^^) 

Figure  26.  Differential  Increment  of  Spherical  Surface  Formed  by  Adjacent  Parallel  Circles 


Substituting  for  Pq, 


dD  =  2 


''  a2p^  [(A- 


1)  sin^^cos  B  cos  2^/^  cos^^f  sin  tZr 


or,  for  the  front  half  of  the  sphere, 


:  2ff  a^P^  y  |Ta-1)  sin^ir  cos  +  B  cos  2^^  cos^if  sin  ^  d^Jr 


Integrating: 


D\if  =  sin^^Jr  j^-l)  +  B  cos^^  . 


For  the  front  half: 


Df  =  "a^Poc  (A-1)- 


For  the  leeward  half: 


Db  =  -  ffa2p^  (K*  -  1). 


The  total  drag 


D  «  Dj-  +  Dg  «  ff  a2p^  (A  -  K'). 
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The  vertical  load  factor  for  the  system  is  equal  to  D/W, 


which  gives 

DWp 

R  =  - ^  .  (34) 

W 


The  suspension  system  consists  of  a  main  cable,  which  carries  load  R,  and  n  attaching 
cables,  which  are  attached  to  the  sphere  at  equally  spaced  intervals  around  circle  ro,  describing 
a  conical  surface  (see  Figure  25).  As  the  attachment  to  the  sphere  is  not  necessarily  tangent  to  the 
surface,  a  hoop  cable  in  the  plane  of  the  parallel  circle  at^^  o  to  minimize  distortion  of 

the  inflated  drag  device  from  its  spherical  shape.  A  possible  means  of  attaching  the  cables  to  the 
sphere  is  shown  in  Figure  25. 

In  order  to  balance  the  load  R, 


The  free  body  force  diagram  of  attaching  cable  is  shown  in  Figure  27. 


/x 


Figure  27.  Free  Body  Force  Diagram  of  Attaching  Cables 


Summing  forces 


T  sin/9  R 

Tp  •  -  »  -  (36) 

sint/r  Q  n  sin 


R 

H  =  Tp  cos^^  -  T  cos  fi  =  —  (cotv^  -  cot  .0  )  (37) 


Forces  H  cause  the  hoop  cable  to  take  the  shape  of  a  regular  polygon  of  n  sides,  as  shown 
in  Figure  28. 


WADD  TR  60-182 


31 


•"(t-v) 


.VIEW 


Figure  28.  Force  Diagram  of  Hoop  Cable 
Summing  forces  in  horizontal  direction  and  solving  for  Th, 


- 


R  (coti/fQ  -  cot/3  ) 
rr 

2n  sin  — 


(38) 


Stresses  in  the  fabric  will  be  analyzed  using  the  membrane  theory  given  in  Reference  6, 
p  358.  The  coordinates  on  the  surface  of  the  sphere  are  formed  by  the  intersection  of  meridian 
circles  and  parallel  circles,  with  the  meridians  and  parallels  being  defined  in  the  same  manner  as 
those  on  the  surface  of  the  earth  (see  Figure  25).  A  differential  element  is  formed  by  two  adjacent 
meridians  and  two  adjacent  parallels,  with  the  stresses  and  Ng  acting  perpendicular  to  the  sides 
of  the  element,  as  shown  in  Figure  25. 

Because  of  the  symmetrical  loading  of  the  sphere,  there  will  be  no  shear  stresses  (see 
Reference  6,  p  357).  Equations  of  equilibrium  of  the  element  are  developed  in  Reference  6,  p  358, 
and  will  not  be  repeated  here.  Integration  of  these  equations  allows  the  determination  of  and  . 

The  stress  N,/,  can  also  be  found  by  taking  a  section  through  a  parallel  circle  and  summing 
forces  in  the  vertical  direction  (see  Reference  6,  p  358,  Eq  209).  Stresses  caused  by  acceleration 
of  the  fabric  weight  will  be  neglected,  as  the  weight  is  small  compared  to  that  of  the  payload. 


Figure  29.  Segment  of  Sphere  Cut  by  Plane  through  Parallel  Circle 
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w  :  vcotiA-f^a  (see  Eq  (b),  p  371,  Reference  6)  (46) 

where 

Ne  - 

"0  =  - —  . 

E 

Substituting  for  vj,  N^j,  and  from  Eq  (45),  (41),  and  (39)  and  simplifying, 
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Wi  =  K  cos2^^,  (  5  +^)  -  cos./rcos.Ao  (I  +  m)  -  1  P  (a-D-P-  ( 

A  A  2E  oo'  ^  ^  ' 

Outside  hoop  cable,  substituting  for  N^^2  (44), 


a2  (A  -  K')  (1  +  M  )  Wp 


V2  =  sin  lA 


When  ^  =  i/z  Q,  V  =  0,  which  gives; 


4>  cos  (A 
In  tan  "2 - — 

sin2  tj, 


+  K  (1  +fi)  cos  i/r+  C2  (48) 


-(1  -A)P«a2  (A-K’) 


bi  tan 


«Ao  costAo  Wp 

sin2,AoJ  W 


-K  (1  +n)  COSl/r  Q. 


Substituting  for  V2,  N02)  ^4>2  t^om  (48),  (47),  and  (40),  Eq  (46)  becomes 

/P^a2  (A  -  K*)  (1  +m)  Wp  r~  0  cos  ,f~\ 

W2  =  cost/f  -  In  tan  — - +  K  (1 +^)  cosi//+C2 

\  2EW  2  sin2  i/r 


a  /  2  2  'N 

—  -  3  cos^iA  -  ncos^\I/-2  )  + 

E  2  V  / 


P^  a  (A  -  K')  (1  ^n)  Wp 
2  sin2  xj,  W 


Poo  (A 


a  (1  -^) 


Based  on  Eq  (45),  (47),  (48),  and  (50),  the  deflection  of  the  inflated  sphere  for  the  W/CdA  ■ 
10  condition  was  calculated  for  the  various  Mach  numbers  and  altitudes  experienced  during  its  tra¬ 
jectory,  The  absolute  stagnation  pressure  on  the  inflated  sphere  during  its  flight  varies  as  shown  in 
Figure  30.  The  pressures  are  quite  small  and  reach  a  maximum  at  60, 000  feet,  which  is  the  final 
condition  for  the  analysis.  A  constant  inflation  pressure  of  1. 5  psia  was  assumed  for  the  initiation 
of  flight,  equal  to  the  absolute  stagnation  pressure  at  a  60,000-foot  altitude. 

Figure  31  shows  an  example  of  the  deformation  of  the  spherical  drag  body  under  the  Mach  1.8 
condition,  occurring  at  an  altitude  of  123,000  feet.  The  drag  loads  reach  a  maximum  around  Mach  2 
(see  Figures  11  and  18),  and  the  stresses  are  rather  high.  However,  the  deformations  are  quite 
small  because  the  inflation  pressure  is  large  enough  to  withstand  the  pressures  on  the  surfaces  of 
the  sphere. 

The  preceding  analysis  was  developed  with  the  assumption  that  the  principal  radii  of  curva¬ 
ture  for  every  point  on  the  sphere  remain  equal.  The  plot  of  the  deflected  shape  shows  that  this  is  not 
true  in  the  area  where  the  cables  are  attached.  The  theoretical  curve  gives  a  large  discontinuity  at 
the  attaching  circle,  which  of  course  is  not  possible  with  the  actual  inflated  sphere.  By  inspecting 
the  equations  for  and  ,  the  true  shape  was  estimated  and  drawn  in  as  a  dashed  line.  The  as¬ 
sumption  of  a  constant  radius  appears  to  be  fairly  good  over  the  remainder  of  the  sphere . 
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Under  the  external/pressure  loading  of  Figure  25,  the  inflated  drag  device  will  maintain  a 
very  nearly  spherical  shape  as  long  as  the  internal  pressure  is  equal  to  or  greater  than  the  maxi¬ 
mum  external  pressure,  which  occurs  at  the  stagnation  point.  In  this  case  the  fabric  is  in  tension 
throughout  the  sphere.  If  Pj  goes  below  the  maximum  value  of  Pq,  the  nose  of  the  sphere  must 
"dimple”  to  maintain  static  equilibrium,  and  the  assumption  of  a  spherical  shape  used  in  the  pre¬ 
vious  development  is  no  longer  valid  in  the  dimpled  region.  A  different  approach  to  the  method  of 
deformations  is  therefore  required. 

As  Pj  is  decreased,  the  inflated  sphere  will  begin  to  lose  its  shape  and  possibly  could  be¬ 
come  meffective  as  a  drag  device.  As  it  is  possible,  for  one  reason  or  another,  for  the  internal 
pressure  to  be  less  than  the  design  value,  it  is  important  to  know  the  deflected  shape  of  the  inflated 
sphere  under  conditions  of  partial  inflation. 

For  the  purposes  of  this  analysis,  the  external  pressure  distribution  which  was  derived 
for  a  sphere  will  be  assumed  to  remain  unchanged  as  the  inflated  drag  device  deforms.  This  is  not 
true,  of  course,  but  for  the  preliminary  investigation  it  is  felt  to  be  satisfactory.  Also,  the  elasti¬ 
city  of  the  fabric  will  be  neglected,  and  the  inflated  drag  device  will  be  assumed  to  remain  spherical 
over  the  portion  in  which  the  internal  pressure  is  sufficient  to  maintain  tension  in  the  fabric. 

Suppose  Pj  is  reduced  to  the  point  where  the  nose  of  the  sphere  "dimples"  slightly.  In 
the  center  region  of  the  dimple  where  Pq  >  Pj,  the  fabric  merely  turns  inside  out  and  again  as¬ 
sumes  a  spherical  shape.  At  first  glance  it  would  seem  logical  to  extend  the  concave  arc  until  it 
intersects  the  convex  shape  of  the  mainpart  of  the  sphere,  as  in  Figure  32(a).  However,  this 
would  cause  a  discontinuity  in  the  slope  of  the  curve,  which  requires  that  N^/ri-*-0  in  the  region 
of  the  discontinuity.  From  Eq  (209)  in  Reference  6,  if  is  zero,  R^,;,  must  also  be  0,  and  Pq  -  Pi 
takes  the  form  shown  in  Figure  32(b).  Considering  the  region  where  Pq  -  Pj  is  negative,  rj  and  r2 
are  both  negative  and  is  positive. 

Rewriting  Eq  (210)  in  Reference  6, 


(51) 


To  satisfy  Eq  (51),  Nfli  must  be  negative;  this  is  not  possible  with  thin  fabric.  It  must  be 
assumed,  therefore,  that  there  is  a  smooth  radius  connecting  the  dimpled  area  with  the  main  portion 
of  the  inflated  sphere,  as  in  Figure  33(a).  Because  the  surface  formed  by  this  small  radius  is  not 
compatible  with  the  tailored  shape  of  the  sphere,  wrinkling  must  occur  and  will  therefore  dis¬ 
appear.  Let  angle  be  drawn  to  the  point  of  inflection  on  the  dimpled  curve,  and  let  drawn 
to  the  place  where  the  tangent  is  perpendicular  to  the  *  0  axis  of  the  sphere.  In  Figure  33(b), 
a  free  body  of  the  area  inside  lAj  is  drawn.  As^irj  is  adjacent  to  the  wrinkled  zone,  N0i  =  0.  Be¬ 
cause  is  drawn  to  the  point  of  inflection,  rj  =  oo  .  From  Eq  (51),  Pi  -  Pq  =  0  ati/fi.  Figure 
33(c)  shows  a  free  body  of  the  area  inside  \ii2-  As  Ni/^i  can  have  no  component  parallel  to  the  =  0 
axis,  R^^  must  equal  0  at  i^2-  Also,  rj  is  +,  =  0,  and  Pj  -  Pq  is  +.  Eq  (51)  then  shows  is 

positive. 


As  Pj  continues  to  decrease,  the  dimpled  area  will  enlarge  until  it  reaches  \}/Q,  then  the 
area  outside  i/tq  will  also  dimple  in  as  shown  in  Figure  33.  Dimpling  in  outside  xliQ  causes  wrinkles 
to  form  in  the  meridian  dilution,  and  Ng2  in  this  region  is  zero.  N^ir2  must  be  positive  if  the  sphere 
is  to  remain  inflated.  Eq  (51)  shows  that  where  Pi  -  Pq  is  positive,  ri  is  positive  and  where  Pi  -  Pq 
is  negative,  r^  is  negative.  The  inflated  sphere,  then,  takes  a  concave  shape  which  is  connected  to 
the  spherical  portion  by  a  convex  curve.  At  the  point  of  inflection  between  these  two  curves,  ri  isoo 
and  Pi  -  Pq  is  therefore  0. 

A  free  body  of  a  strip  of  fabric  of  unit  width  in  the  region  of  the  attaching  circle  is  shown  in 
Figure  34.  As  the  inflated  sphere  dimples  in,  the  angles  of  the  fabric  on  either  side  of  the  attaching 
circle  change.  must  always  have  sufficient  component  perpendicular  to  the  attaching  cables  to 
balance  .  If  the  deflection  reaches  the  point  where  this  is  impossible  with  the  given  angle  0  and 
attaching  radius  rQ  the  attaching  circle  will  collapse  radially  until  equilibrium  is  reached.  Figure 
35(c)  is  an  example’ of  this  condition.  When  this  happens,  the  shape  has  deviated  from  a  sphere  to 
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Figure  32.  Nose  Deformation  Showing  Pressure  Distribution  (First  Assumption) 


Figure  33.  Nose  Deformation  (Actual  Shape) 

/ 
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DETAIL  A- A 


DETAIL  A-A 


Figure  34.  Nose  Deformation  after  Further  Reduction  in  Internal  Pressure 
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Figure  35.  Spherical  Inflated  Shape  under  Various  W/Wq  Ratios 
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the  extent  that  the  pressure  distribution  computed  for  a  sphere  Is  probably  greatly  In  error;  there¬ 
fore,  no  attempt  will  be  made  here  to  carry  the  problem  further . 

Example:  The  preceding  analysis  will  now  be  applied  to  the  balloon  with  the  dimensions  and 
loading  of  Figure  31.  Wq  will  be  defined  as  the  minimum  weight  of  air  required  to  maintain  ttie 
spherical  shape  for  a  given  temperature.  If  the  weight  (W)  is  reduced  below  Wq,  dimpling  will  occur 
and  both  the  absolute  pressure  (P)  and  the  volume  (V)  will  decrease  until  the  equation  of  a  perfect 
gas  is  satisfied.  Figure  35  Illustrates  this  phenomenon  for  various  ratios  of  W'/W'o.  In  Figure  35(c) 
with  W'/W'qb  0.20,  the  external  pressure  around  the  leeward  side  is  equal  to  the  Internal  pressure 
P;.  Further  reduction  in  the  weight  of  air  will  be  compensated  for  by  a  proportionate  change  in 
volume,  with  the  pressure  remaining  at  a  constant  value.  Wrinkles  will  then  form  over  the  entire 
length  of  the  sphere,  which  will  assume  a  somewhat  elliptical  shape. 
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SECTION  IV 


PRELIMINARY  DESIGN 


A.  GENERAL 

An  analysis  of  the  free-fall  and  high-speed  recovery  flight  conditions  given  on  page  8  for 
the  inflated  sphere  system  requirements  indicated  that  the  high-speed  recovery  condition  presented 
a  far  more  severe  criteria  for  fabrication  than  the  planned  free-fall  drop  test.  Because  of  this  fact 
and  also  because  it  was  felt  that  the  free-fall  drop  conditions  were  established  only  as  a  test  para¬ 
meter  and  would  not  be  encountered  in  actual  use  of  such  an  inflated  sphere  system,  it  was  decided 
that  the  final  design  of  the  balloon  to  be  fabricated  during  the  experimental  program  would  be  based 
on  the  high-speed  recovery  conditions. 

B.  FABRICS  AND  COATINGS 

One  of  the  primary  design  parameters  in  the  selection  of  a  sphere  size  and  design  was  the 
choice  of  a  fabric  which  was  readily  available  and  would  meet  the  temperatures  encountered  in  the 
high-speed  recovery.  Based  on  the  temperature  range  indicated  in  the  thermodynamic  analysis,  a 
number  of  yarns,  coatings,  and  films  were  considered.  Table  I  contains  the  resulting  data. 


Table  I.  Yarn  Comparison  (to  4000F) 


YARN 

1 

ELONGATION 

STRENGTH 
RETENTION 
%  OF  ROOM  TEMP 
STRENGTH 

TENACITY* 

(Grams/Denier) 

MELTING 
TEMP  (°F) 

Nylon  66 

29.0 

49.5 

3.20 

480 

Nylon  6 

22.0 

42.9 

2.76 

430 

Dacron 

18.0 

50.9 

2.65 

480 

Fortisan  36 

8.0 

58.8 

2.51 

500 

HT-1 

1  18.0 

67.9 

2.30 

700 

Viscose  Rayon  (Hi-ten) 

10.0 

62.9 

1.69 

500 

Viscose  Rayon 

10.0 

60.6 

1.51 

500 

Teflon 

25.0 

31.1 

1.31 

590 

Cotton 

7.0 

47.6 

1.00 

500 

♦Tenacity  is  a  term  used  in  the  fabric  industry  to  indicate  strength-to-weight  ratio.  Its  units 
are  grams  tensile  per  denier.  It  is  used  in  this  text  to  offer  a  comparison  between  the  various 
yarns. 


The  specimens  were  taken  to  400°F,  held  for  two  minutes,  and  tensile  tested.  Accordii^  to 
Table  I,  nylon  offers  the  best  strength-to-weight  ratio  (tenacity)  of  all  materials  tested.  Its  elonga¬ 
tion,  however,  is  quite  high.  Fortisan  tests  fairly  high,  but  experience  has  shown  elastomer -coated 
Fortisan  to  be  unreliable.  Extreme  care  must  be  taken  in  manufacturing  Fortisan  to  avoid  damaging 
the  material.  Rayon,  Teflon,  and  cotton  possess  relatively  low  strength-to-weight  properties.  HT-1 
a  relatively  new  product,  was  not  readily  available.  Dacron  combines  a  fairly  high  strength-to- 
weight  ratio  with  an  average  elongation,  is  readily  available,  and  is  easy  to  handle.  Table  n  shows 
a  comparison  of  the  essential  properties.  Additional  materials  were  considered  for  temperatures 
up  to  900°F. 

Fiberglass,  a  readily  available,  nonmetallic  yarn,  was  also  considered.  Tensile  tests  of 
elastomer-coated  fiberglass  have  been  performed  up  to  1250OF.  All  of  the  materials  listed  in  Table 
I  will  melt  or  charr  at  temperatures  below  900°F.  In  screening  tests  at  900*’F  in  air,  elastomer - 
coated  fiberglass  specimens  held  up  to  35  Ib/in.,  or  35  percent  of  their  room-temperature  tensile 
strength. 
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Table  11.  Cloth  Comparison  (400  -  900°?) 


YARN 

PERCENT 

ELONGATION 

PERCENT 
STRENGTH 
RETENTION 
(at  60CPF) 

TENACITY 
(Strength-to- 
Weight  Ratio) 

MAXIMUM 

USEFUL 

TEMP  (OF) 

Fiberglass 

3.0 

50  -  75 

3.77 

900 

304  Stainless  Steel 

1.9 

80  ■ 

2.57 

900  -  1100 

Inconel  X 

8.2 

65 

1.15 

1400 

Tensile  tests  of  fiberglass  yarns  at  600°F  range  from  1.3  -  5.93  tenacity,  depending  on  the 
finish  applied  to  the  fiberglass.  This  compares  to  a  1.39  tenacity  at  600°F  for  HT-1,  the  only 
material  in  Table  I  capable  of  reaching  this  temperature.  ' 

Tests  made  on  asbestos  cloth  indicated  only  a  slight  deterioration  at  1560°F.  Asbestos, 
however,  is  undesirable  because  of  its  very  low  strength-to-weight  ratio.  Because  they  possess  a 
wide  range  of  tenacities,  metal  yarns  are  able  to  withstand  the  highest  temperatures  encountered 
in  this  study.  Hardened  304  stainless  steel  has  a  tenacity  of  2.07  at  600OF,  and  other  metal  yarns 
tested  were  up  to  40  percent  stronger.  These  included  molybdenum,  tungsten,  and  Renl-41. 

Neoprene  is  the  most  impermeable  to  gas  leakage  of  the  coatings  tested,  has  a  low  specific 
gravity,  is  compatible  with  all  of  the  yarns  mentioned  in  the  preceding  paragraphs,  is  readily  avail¬ 
able,  relatively  inexpensive,  and  the  easiest  to  handle.  However,  little  is  known  of  its  low-tempera¬ 
ture  properties. 

In  comparison  to  neoprene,  Viton  A  is  also  easily  handled,  almost  as  impermeable,  and 
is  capable  of  slightly  higher  temperatures.  However,  it  has  a  much  high  specific  gravity,  is  more 
expensive,  is  completely  incompatible  with  fiberglass  (its  temperature  properties  are  lowered  and 
the  fiberglass  is  rendered  more  brittle),  and  is  rather  brittle  below  0°F. 

Silicones  are  capable  of  a  wide  range  of  temperatures.  Some  silicones  will  reach  1800°F 
and  remain  gas-tight,  while  others  may  be  flexible  to  several  degrees  below  0°F.  Silicones  have 
been  tested  satisfactorily  on  fiberglass  at  700°F  for  two  hours  under  internal  pressure.  Results  of 
these  tests  reveal  only  slight  discoloration.  For  shorter  periods  this  combination  has  reached  850  - 
900°F  and  remained  flexible  and  gas-tight.  Silicones  are  recommended  as  the  best  coating  for 
temperatures  over  600OF. 

Silicones  have  a  low  specific  gravity  and  are  generally  compatible  with  most  yarns.  How¬ 
ever,  they  are  more  expensive  and  more  difficult  to  handle  than  neoprene,  and  coating  and  curing 
are  difficult.  Before  curing,  the  coating  has  the  consistency  of  fly-paper  glue,  and  seaming  before 
or  after  curing  involves  other  problems.  Because  of  the  necessity  for  a  partial  cure  between  spreads 
of  the  coating  material,  silicone -coated,  multi-ply  fabrics  tend  to  delaminate  under  heat  and  load. 
Because  of  these  difficulties,  the  use  of  silicones  was  avoided. 

Other  configurations,  such  as  reinforced  films  were  also  considered.  Mylar  film  on 
Dacron  cloth  has  been  tested,  but  the  results  are  inconclusive  over  400°F. 

For  the  lower  temperature  conditions  encountered  in  the  high-speed  recovery,  the  use  of 
Mylar,  polyethylene,  or  Videne  with  no  reinforcing  fabric  was  considered.  Refer  to  Table  ni  for 
characteristics.  The  tensile  strengths  in  Table  HI  are  given  at  room  temperature  and  a  consider¬ 
able  decrease  in  this  value  at  the  higher  service  temperatures  is  expected.  Mylar  undergoes  a 
considerable  decrease  in  tensile  strength  at  2120F,  but  the  film  retains  useful  properties  at  302 
to  347OF. 

Considering  the  preceding  fabric  investigation  and  the  thermodynamic  analysis  (Section  HI), 
two  possible  choices  appeared  evident: 

(1)  The  selection  of  a  W/CqA  of  0. 1  to  10,  hence  range  of  maximum  temperature  from  0 
to  450Pf,  and  the  possible  use  of  Dacron  cloth  coated  with  neoprene  (or  some  lighter 
weight  material  in  the  case  of  W/CdA  of  0. 1)  for  the  fabric. 
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Table  III.  Film  Comparison 


FILMS 

TENSILE 

STRENGTH 

AT  ROOM  TEMP 

WEIGHT 

(Oz/Yd2) 

SERVICE 

TEMP 

MELTING 

TEMP 

Mylar  (1  Mil) 

20  Ib/in. 

1.04 

-75OF  to  347OF 

Polyethylene  (1  Mil) 

3  -  5  Ib/in. 

0.70 

•  -40°F  to  220OF 

Videne  (1  Mil) 

9  Ib/in. 

1.0 

-400F  to  220OF 

(2)  The  selection  of  a  W/CqA  of  25  to  100,  hence  a  range  of  maximum  temperatures  from 
590  to  900®F  and  the  use  of  fiberglass  cloth  coated  with  a  silicone  for  the  fabric. 

As  these  possibilities  were  being  considered  for  fabrication,  there  was  a  strong  inclination 
toward  selecting  a  readily  available,  presently  familiar  fabric.  Because  of  the  recommendation  to 
avoid  the  use  of  silicones,  the  first  condition  was  selected. 

The  three  W/Cj^A’s  included  in  this  selection  were  then  considered; 

(1)  W/CdA  =  0. 1.  Thp  sphere  required  for  a  W/CdA  of  0. 1  must  be  fabricated  from  a 
very  light-weight  fabric  to  meet  such  a  low  weight -to -drag  value.  Using  even  the 
light-weight  films,  Mylar  and  polyethylene,  the  total  inflated  sphere  system  weight 
(calculated  as  described  in  paragraph  E)  is  quite  high,  approximately  85  percent  of 
the  500  pound  payload  weight  for  polyethylene,  and  120  percent  for  Mylar.  Although 
these  films  could  conceivably  withstand  the  temperatures  encountered  over  the  tra¬ 
jectory  for  this  sphere  size,  the  initial  deceleration  force,  as  indicated  by  the  data 
from  the  flight  analysis,  is  extremely  high  at  deployment  (53  g’s),  and  the  distribu¬ 
tion  of  such  a  load  over  a  sphere  fabricated  from  these  films  would  be  extremely 
complex  and  impractical.  Packaged  volume  for  such  a  large  sphere  (approximately 
112  to  122  feet  in  diameter)  would  be  impractical  for  use  in  recovery  of  a  manned 
vehicle. 

(2)  W/CdA  =  1.0.  For  this  W/CqA  the  weight  penalty  is  quite  high.  Assuming  that 
the  fabric  weight  is  0. 5  pound/square  yard  (which  would  probably  be  required  to 
overcome  the  heating  effects  encountered  in  this  trajectory),  the  weight  penalty  of 
the  system  is  72  percent  of  the  payload. 

(3)  W/CdA  =  10.  From  an  analysis  of  this  W/CpA  condition  it  appears  that  the  weight 
of  an  inflated  sphere  system  (to  recover  a  500-pound  payload)  would  be  approximately 
45  to  60  pounds,  depending  upon  the  fabric  weight  chosen.  This  weight  penalty  is  more 
compatible  with  present  recovery  systems.  In  view  of  this  fact  and  because  of  the  dis¬ 
advantages  offered  by  the  two  preceding  W/CqA's,  this  condition  was  selected  as  the 
weight -to -drag  ratio  to  be  utilized  in  the  preliminary  design  and  future  fabrication. 

Because  of  its  ability  to  meet  the  necessary  qualifications,  Dacron-neoprene  was  the  fabric 
selected  for  further  investigation  during  the  preliminary  study  and  for  probable  use  in  the  experi¬ 
mental  phase  of  the  program.  The  actual  fabric  chosen  was  a  two-ply  (cross-ply)  Dacron-neoprene 
(N313A25)  weighing  10.  2  oz/yd^. 

C.  INFLATION  AND  DEPLOYMENT  TECHNIQUES 

Following  the  selection  of  a  W/CqA  of  10  based  on  an  investigation  of  available  fabrics  ca¬ 
pable  of  withstanding  the  temperatures  encountered  in  Ibe  high-speed  recovery,  a  study  was  made 
involving  various  systems  of  inflation. 

Several  assumptions  were  made  prior  to  this  study: 

(1)  A  spherical  body  approximately  8.7  feet  diameter  with  an  inflated  volume  of  343 
cubic  feet  would  be  used  in  the  high-speed  recovery  (based  on  W/CijA  =  10). 
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(2)  The  maximum  allowable  inflation  pressure  governed  by  the  seam  strength  of  the  fabric 
(55pounds/inch)wouldbe  2.08  psig. 

(3)  "One  Shot”  inflation  immediately  following  deployment  is  assumed. 

(4)  No  heating  of  the  inflation  gases  will  occur  over  the  trajectory.  This  assumption  is 
based  on  the  fact  that  if  a  gas  such  as  helium  is  used,  it  will  receive  no  heat  by 
radiation,  and  only  convective  heating  currents  set  up  inside  the  sphere  will  effect 
its  temperature.  As  the  flight  at  the  high  temperatures  is  of  such  short  duration,  the 
heating  will  be  negligible  and  is  therefore  neglected.  Therefore,  the  maximum  pres¬ 
sure  differential  across  the  walls  of  the  sphere  is  assumed  to  exist  at  200,000  feet 
altitude  immediately  following  inflation. 

Inflation  systems  were  investigated  on  the  basis  of  reliability,  rate  of  flow  weight,  and  "off- 
the-shelf”  availability.  Table  IV  presents  the  various  systems  which  were  investigated.  The  selec¬ 
tion  of  a  commercial  and  readily  available  device  was  necessary  for  fabrication  during  the  experi¬ 
mental  program.  However,  several  other  concepts  under  development  appeared  to  have  merit,  and 
were  included  in  the  study. 


Table  IV.  Inflation  System  Comparison  Chart 


TYPE  OF 
SYSTEM 

MAJOR  PARTS 
REQUIRED 

APPROX 

TOTAL 

WEIGHT 

(Pounds) 

INFLATION 

TIME 

(Seconds) 

COMMENTS 

COMMERCIALLY  AVAILABLE  EQUIPMENT 

Compressed  gas  con¬ 
tained  in  fiberglass 
sphere 

Flood  valve,  pressure 
sphere,  coupling 

12.5 

3  -  5 

Readily  available  sys¬ 
tem;  easily  packaged, 
reliable. 

Compressed  gas  con¬ 
tained  in  metal  cy¬ 
linder 

Flood  valve,  pressure 
sphere,  coupling 

22 

3  -  5 

Readily  available  sys¬ 
tem;  easily  packaged, 
(weight  penalty),  reli¬ 
able. 

Cool  gas  generator 

Valving,  generator, 
coupling 

30 

30  -  60 

Relatively  new  device; 
may  present  packaging 
problems,  reliability 
unknown. 

SYSTEMS  REQUIRING  DEVELOPMENT  OR  FURTHER  RESEARCH 

Liquified  gas  under 
pressure  (ammonia) 
freon,  ethyl  (alcohol), 
etc. 

Pressure  container, 
valving  and  couplings, 
heat  source  (ballis¬ 
tic) 

15 

30  -  60 

Development  required 
for  heat  generating 
system;  reliability  un¬ 
known. 

Gas  generation  by 
chemical  reaction 
(nitrogen) 

Mixing  chamber, 
valving,  coupling 

13 

30  -  60 

Efficiency  approxi¬ 
mately  30  percent  on 
a  weight -to-weight 
basis;  reliability  un¬ 
known. 

Pre -inflation  and 
storage  under  pres¬ 
sure 

Pressure  vessel, 
quick-release  me¬ 
chanism  (squib-op¬ 
erated) 

15 

Instant 

Packaging  and  fabrica¬ 
tion  of  container  re¬ 
search  required;  reli¬ 
ability  appears  good. 
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Pressurized  gas  containers  offer  a  relatively  simple  yet  effective  means  of  inflation. 
Standard  metal  cylinders  are  available  in  a  complete  range  of  sizes  with  standard  valves  and  fit¬ 
tings.  A  now  development,  fiberglass  spheres,  offers  an  advantage  over  the  metal  bottles  because 
of  its  high  strength-to-weight  ratio.  Standard  valving  is  also  available  for  the  fiberglass  spheres. 

Of  the  inflation  methods  considered,  the  fiberglass  container  plus  necessary  valving  pro¬ 
vided  the  most  desirable  characteristics  for  the  high-speed  recovery  system.  This  system  was  in¬ 
corporated  in  tlie  final  preliminary  design.  In  addition  to  its  light  weight  and  high  reliability,  the 
fiberglass  container  and  valving  offer  rapid  inflation  essential  to  stabilizing  a  manned  capsule  im¬ 
mediately  following  ejection  from  an  aircraft  or  space  vehicle. 

The  cool  gas  generator,  a  recent  commercial  development,  mixes  hot  gases  evolving  from 
the  ignition  of  a  propellant  with  a  coolant  such  as  freon.  This  action  produces  relatively  cool 
volumes  of  gas  for  inflation  purposes.  The  device  could  be  utilized  with  few  or  no  modifications. 
However,  it  involves  a  weight  and  inflation  time  penalty  relative  to  the  other  systems. 

The  use  of  liquified  gases  such  as  liquid  ammonia,  ethyl  alcohol,  and  acetone  offered  a 
possible  means  of  inflation  while  affording  such  advantages  as  ease  of  storage  and  small  volume 
requirements.  The  high  temperatures  encountered  in  the  high-speed  recovery  could  possibly  be 
utilized  as  the  heat  source  necessary  for  vaporization  of  the  liquid.  Such  a  system  would  require 
considerable  development  and  the  use  of  non-standard  parts. 

A  quick-release  air  chamber  for  testing  liquified  gas  inflation  systems  was  designed  and 
fabricated  (see  Figure  36).  The  following  test  method  utilizing  the  quick-release  chamber  was  em¬ 
ployed  to  expose  the  test  system  to  conditions  in  the  environmental  chamber. 

(1)  The  unfilled  sphere  is  injected  with  approximately  2  cc  of  ethyl  alcohol  or  acetone 
and  placed  ii^the  quick-release  chamber. 


Figure  36.  Exposed  Sphere  and  Quick  Release  in  Environmental  Chamber 
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(2)  The  quick-release  chamber  is  closed  and  placed  in  the  environmental  chamber. 

(3)  An  environment  is  established  in  the  environmental  chamber,  simulating  altitudes 
ranging  from  60,  000  to  80,  000  feet  at  temperatures  of  -20  to  +80°F. 

(4)  Upon  reaching  the  desired  environmental  conditions,  the  quick-release  chamber 
is  opened,  exposing  the  test  system  to  the  low-pressure  environment.  The  liquid 
gas  flashes  to  a  vapor  which  inflates  the  sphere. 

The  possibility  of  pre-inflation  of  the  sphere,  prior  to  sealing  it  into  a  pressurized  container 
from  which  it  might  be  deployed  at  high  altitudes  has  been  considered.  A  sketch  of  such  a  system  is 
shown  in  Figure  37.  A  spherical  container  (aluminum)  may  be  opened  by  explosive  bolts  to  initiate 
deployment.  This  system  would  require  no  inflation  apparatus  and  offers  the  advantage  of  immedi¬ 
ate  inflation  upon  release  from  its  restrictive  pressurized  environment.  The  method  would,  however, 
require  considerable  development  to  prevent  fabric  rupture, and  use  of  non-standard  parts. 


INSIDE  OF  CONTAINER 
PRESSURIZED  TO  SAME 


Figure  37.  Pre -Inflation  of  Sphere 
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Frankford  Arsenal  has  conducted  experimental  tests  for  Goodyear  Aircraft  Corporation  on 
the  pyrotechnic  inflation  of  fabric  "bumper  bags"  for  escape  capsules.  Results  indicate  that  this 
method  of  inflation  would  be  feasible  for  small  diameter  spheres  such  as  those  required  for  the 
W/CqA  =  100  or  50  for  the  high-speed  recovery.  Transient  temperatures  up  to  400^F  would  be 
experienced,  but  spheres  fabricated  for  these  recovery  conditions  could  adequately  withstand  even 
higher  values.  A  method  of  shielding  the  charge  would  have  to  be  developed;  however,  standard 
parts  with  slight  modifications  would  constitute  the  bulk  of  the  system. 

Because  of  the  large  volume  presented  for  the  W/C^A  =  10  condition,  pyrotechnic  inflation 
was  not  recommended  by  Frankford  Arsenal  for  this  sphere  size.  A  high  weight  penalty  relative  to 
other  devices  and  excessive  temperatures  would  be  encountered  in  the  use  of  such  a  system  for  so 
large  a  sphere. 

Functional  testing  of  the  full-scale  mockup  inflatable  sphere  and  canister  (see  Figure  38) 
was  accomplished  at  the  WADC,  20-foot  diameter  systems  altitude  chamber.  The  mockup  consisted 
of  a  wooden  platform  and  a  three-sectioned  truncated  cone  canister  which  packaged  the  entire  fabric 
sphere  and  simulated  deployment  hardware.  The  inflation  system  consisted  of  an  836-cubic-inch 
pressurized  bottle  and  a  squib-actuated  valve. 


Figure  38.  Full-Scale  Inflation  and  Deployment  Model 


Two  tests  were  conducted.  The  first  test  was  conducted  utilizing  an  800-psia  bottle  at  a  si¬ 
mulated  altitude  of  100, 000  feet  at  -IQOF.  The  deployment  time  from  packaged  state  to  full  size  (in¬ 
flation  pressure  equals  ambient)  was  0.24  second.  The  second  test  was  conducted  using  1500  psia 
in  the  800-cubic-inch  bottle  at  a  simulated  altitude  of  120, 000  feet  at  -200F.  The  deployment  time 
for  the  second  test  was  0.035  second. 


WADD  TR  60-182 


49 


The  results  of  these  tests  indicated  that  a  very  rapid  inflation  is  possible  and  is  within  the 
strength  capability  of  the  Dacron-neoprene  fabric.  The  tests  also  showed  that  the  sphere  can  be 
packaged  within  the  canister  and  that  it  can  be  freely  deployed  and  separated  from  the  canister  with 
no  binding  or  pinching  of  the  fabric. 

Two  sets  of  booster  and  canister  separation  flanges  were  tested  for  reliability  and  back 
blast  effects  by  Thiokol  Chemical  Corporation, 

The  first  series  of  separation  tests  was  conducted  on  a  9- inch -diameter  forward  separation 
section.  This  section  was  cut  into  five  pie -shaped  pieces.  Four  of  the  five  pieces  were  used  to 
determine  proper  cutting  action  and  back  blast  effects  of  two  different  sizes  of  mild  detonating  fuse 
(MDF).  The  MDF  sizes  used  were  10  grains  per  foot  and  15  grains  per  foot.  In  the  four  tests  con¬ 
ducted,  separation  was  complete  and  all  back  blast  effects  were  contained.  Approximately  80  per¬ 
cent  of  the  0. 125-inch-thick  section  was  cut  by  the  shaped  charge  and  the  remaining  20  percent  of 
the  casting  was  blasted  through.  The  remaining  section  was  used  to  check  initiation,  propagation, 
and  to  ensure  separation  at  the  epoxy -filled  slot.  The  test  was  successful  in  that  all  back  blast 
effects  from  the  detonators  and  end  primers  were  contained  by  the  detonator  cap,  and  separation 
was  complete. 

The  second  series  of  separation  tests  was  successfully  conducted  as  a  reliability  check  on 
the  remaining  three  sets  of  rings,  using  MDF  of  10  grains  per  foot. 

D.  SUSPENSION  SYSTEMS 

Two  basic  types  of  suspension  systems  were  investigated.  These  were  sii^le  line  and 
multiline  systems  for  attachment  of  the  payload  (see  Figxires  39  and  40). 


Figure  39.  15-Inch-Diameter  Test  Model  Using  Figure  40.  15-Inch-Diameter  Test  Model  Using 
Single-Line  Suspension  Multiline  Suspension 
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The  advantages  of  the  single  over  the  multiline  system  are  as  follows; 

(1)  Simplicity  of  packing  is  achieved;  lower  package  volume  requirements. 

(2)  Recovery  system  is  not  as  susceptible  to  fouling,  tangling,  and  wrap-up  with  the 
payload. 

(3)  Load  relieving  tendencies  are  obtained. 

Since  the  inflated  sphere  is  flexible  it  will  deform  to  some  extent  to  adapt  to  applied  loads 
within  the  structural  limits  of  the  fabric.  This  property  will  permit  a  fully  inflated  sphere  to  as¬ 
sume  an  elongated  shape  during  high  drag  loads.  The  achievement  of  an  elongated  shape  with  the 
accompanying  reduction  in  frontal  area  will  reduce  the  drag  of  the  sphere  and  consequently  will 
reduce  the  deceleration  forces.  This  intrinsic  property  of  the  inflated  sphere  is  exploited  by  the 
use  of  the  single  point  attachment  feature,  the  line  to  the  payload  being  attached  to  the  sphere  in 
a  region  very  near  its  apex,  or  stagnation  point. 

The  multiline  system  also  offers  certain  advantages  as  follows: 

(1)  No  internal  distribution  of  load  required. 

(2)  At  low  speed  and  low  Reynolds  numbers  the  multiline  system  appears  more  stable 
than  the  single  line  (based  on  information  from  Section  V-B). 

Some  consideration  was  given  to  a  geodetic  t^iJe  suspension  as  utilized  in  aerial  bomb 
stabilization  (see  Figure  41).  This  method  of  attaching  the  payload  and  sphere  offers  several  ad¬ 
vantages  with  regard  to  stability  and  load  distribution,  although  the  system  would  appear  to  be  quite 
susceptible  to  fouling. 


FORWARD 


/ 


An  effort  was  made  to  design  a  system  incorporating  the  advantages  of  single  line  and  multi- 
line  suspension.  A  system  was  envisioned  whereby  a  single  line  or  braided  lines  might  be  utilized 
which  could  transmit  and  distribute  the  loads  efficiently  over  the  inflated  sphere. 

Several  designs  were  investigated.  One  design  (see  Figure  15)  was  an  early  concept  used 
in  the  stress  analysis  of  the  inflated  sphere  system.  The  hoop  size  required  to  distribute  this  load 
safely  to  the  fabric  becomes  so  large  that  many  of  the  advantages  of  the  single  line  system  are  lost. 

In  another  system  the  lines  extend  over  the  top  of  the  sphere,  meet  at  a  small  cable  hoop 
at  the  nose  of  the  body,  and  intersect  with  the  riser  line  less  than  one  diameter  from  the  surface. 
Extending  the  lines  over  the  sphere  in  this  manner  aids  in  distribution  of  the  stresses  while  the 
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intersection  of  these  line^in  a  small  hoop  simulates  single  point  suspension  to  some  degree.  This 
type  of  suspension  was  incorporated  in  the  final  preliminary  design  (see  Figure  42). 


Figure  42.  Meridian  Cable  Suspension  System 


The  length  of  riser  line  from  payload  to  inflated  sphere  was  determined  to  optimize  both 
stabilization  and  drag  effects,  and  to  minimize  heating  and  loads  on  both  the  line  and  sphere.  Riser 
lengths  (from  five  to  six  sphere  diameters)  were  tentatively  selected  pending  conclusive  information 
on  interference  effects  from  wind  tunnel  tests  at  NACA.  Factors  such  as  final  payload  weigiit  and 
shape  are  included  in  this  testing. 

The  system  finally  selected  for  simplicity  was  a  single-line  suspension  system.  The  con¬ 
cept  for  deployment  for  initial  stabilization  before  maximum  drag  utilizes  the  inflated  drag  body 
mounted  immediately  aft  of  the  primary  body.  After  alignment  to  a  nominal  zero  flight  path  angle, 
the  inflated  body  is  deployed  to  its  full  riser  line  lengtli  for  maximum  drag.  However,  in  order  to 
prevent  large  deployment  and  snatch  loads,  a  deployment  reel  was  designed  and  tested. 

The  deployment  reel  (see  Figure  43)  must  operate  smoothly  and  evenly  under  various  load¬ 
ing  conditions.  Primarily,  this  reel  consisted  of  a  drum  rotating  on  a  piston  which  was  restricted 
by  oil  passing  through  an  ^ifice.  The  back  pressure  provided  by  the  oil  was  transmitted  to  a  disk 
brake  on  the  drum  which  governed  the  deployment  speed.  The  speed  of  deployment  was  adjusted  for 
4-5  ft/sec. 

E.  INFLATED  SPHERE  ASSEMBLY 

Consideration  was  given  to  the  variation  in  the  system  weight  for  the  assigned  values  of 
W/CdA  for  the  high-speed  recovery.  Using  two  representative  fabric  weights,  0. 5  and  1.0  pounds/ 
square  yard,  the  system  weights  were  determined.  Based  on  the  preceding  information  on  inflation 
systems  and  detail  design  work  on  preliminary  inflated  sphere  concepts,  the  following  assumptions 
were  made; 
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Figure  43.  Constant  Rate  Deployment  Reel 


(1)  Fiberglass  pressure  containers  were  used  for  inflation  with  compatible  valving  and 
hardware . 

(2)  The  required  sphere  diameter  was  calculated  from  the  following  derivation  where; 


W 

CdA 


:  10 


D  =  Diameter  of  sphere  (ft) 


Cq  =  0.92  Ag  =  wD2 


W  :  500  pounds  +  estimated  weight  of  hardware  +n'Di^  (fabric  weight/square  feet). 

y 

Figiire  44  shows  the  calculation  results  and  the  accessory  weights  based  on  inflated  sphere 
diameters.  It  may  be  noted  that  the  high  values  of  W/C^A  are  such  a  small  fraction  of  the  payload 
weight  that  they  are  negligible  in  determining  inflated  sphere  diameters. 
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As  it  is  impractical  to  fabricate  a  sphere  from  either  the  0.5  pound  or  1.0  pound/square 
yard  fabrics  and  still  meet  the  W/C^A  =  0. 1  condition,  calculations  were  made  using  l-mil  thick 
nylon  and  polyethylene  materials.  The  accessory  weights  for  these  two  spheres  were  assumed  equal. 
Polyethylene,  the  lighter  of  the  two  materials  (although  it  requires  a  smaller  diameter  lor  the  sphere 
with  a  given  W/CqA  ratio),  requires  additional  accessory  weight  for  load  distribution  due  to  its  low 
tensile  strength.  These  strengths  are  3  to  5  pounds/inch  for  polyethylene  and  20  pounds/inch  for 
mylar.  Since  a  specific  W/CdA  ratio  or  diameter  was  selected,  singular  plots  are  displayed  in 
Figure  44. 


The  weight  of  the  final  preliminary  design  (sphere  plus  accessories  using  10. 2  ounces/ 
square  yard  Dacron-neoprene)  was  47.  5  pounds.  The  final  assembly  is  illustrated  in  Figure  42. 

The  final  assembly  consists  of  a  sphere  of  16  gores.  The  weight  of  the  payload  is  distributed 
over  the  inflated  sphere  by  eight  fine  steel,  equally  spaced  cables  extending  over  the  top  of  the  sphere 
and  taped  over  as  shown  in  Figure  45. 


CABLE 


TAPE 


TAPE 


INTERSECTION  OF 
SPHERE  GORES 


Figure  45.  Typical  Seam  Assembly 


These  meridian  cables  are  gathered  into  a  hoop  at  the  bottom  of  the  sphere  and  are  fastened 
to  a  metal  flange  attached  to  a  single  riser  from  the  payload.  Such  a  sy.stem  provides  the  advantages 
of  both  the  single  and  multiline  systems  described  in  paragraph  D. 

The  flange  is  made  of  a  lightweight  metal  shell  which  is  sufficient  to  tranc  ti.-,  he  weight  cf 
the  payload  to  the  cables  e.xtended  over  the  sphere.  This  shell  is  lined  with  an  insula^i.xg  material  to 
provide  a  cushion  and  support  for  the  inflation  sphere  as  well  as  protection  from  the  high  tempera¬ 
tures  encountered. 

Installing  the  flange  at  the  bottom  of  the  sphere  provides  an  additional  advantage  in  that  it 
protects  the  fabric  from  the  stagnation  point  temperatures  which  would  otherwise  be  experienced  on 
the  sphere's  surface.  The  improvement  of  the  aerodynamic  shape  was  also  further  investigated. 

The  wind  tunnel  tests  described  in  Section  V  indicate  that  a  nose  cone  sphere  combination  with  a 
burble  fence  is  an  essentially  stable  system  in  the  low  speed  ranges.  A  partially  inflated  sphere 
was  another  consideration  for  a  stable  body  due  to  its  pear  shape  during  descent. 

Further  investigation  of  the  optimum  configuration  was  programmed  by  drop-testing  the 
1/4 -scale  model  from  the  Goodyear  Aircraft  Corporation  airship  dock.  Test  procedure  and  results 
are  in  Section  V-B. 

The  inflation  system  consists  of  a  10-inch  fiberglass  sphere  pressurized  to  3000  psi  with 
helium  gas  as  the  inflation  medium.  Valving  is  accomplished  through  a  coupling  and  thread  adapter 
to  a  flood  valve.  This  flood  valve  has  a  flow  capacity  to  pass  the  entire  500-cubic  inch  volume  of  the 
pressure  sphere  in  three  to  five  seconds.  The  valve  functions  when  a  small  valve  is  tripped,  allow¬ 
ing  the  pressurized  gas  to  move  a  cylinder  uncovering  a  large  port. 

The  gas  passes  from  the  flood  valve  through  another  adapter  to  a  check  inlet  port  incor- 
porated  in  the  sphere.  This  system  is  mounted  on  the  nose  of  the  sphere  and  is  shielded  from 
thermodynamic  and  aerodynamic  effects  by  the  support  flange  and  nose  piece.  The  spring-loaded 
valve  is  released  by  a  solenoid  actuator.  An  alternate  valving  assembly  can  be  designed  by  utilizing 
squib-operated  valves  (commercially  available)  which  are  actuated  by  an  electrical  impulse. 
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F.  FOLDING  AND  PACKAGING 


A  full-size  10-foot  diameter  sphere  was  made  to  study  various  methods  of  folding  and  pack¬ 
aging.  The  sphere  was  fabricated  from  4.75  ounces  per  square  yard  foristan-neoprene  fabric  which 
is  relatively  inexpensive  and  readily  available.  Based  on  previous  experience  in  escape  capsule  re¬ 
covery  and  associated  problems,  a  rectangular  or  cylindrical  shape  was  selected  as  the  most  de¬ 
sirable  for  the  sphere  package.  A  rectangular  package  using  a  typical  folding  method  is  shown  in 
Figure  46.  A  comparison  with  the  unfolded  size  may  be  made  from  Figure  47. 

With  several  methods  of  folding,  approximate  volume  for  a  hard  manual  pack  was  established 
for  this  particular  sphere  size.  A  packaged  volume  of  908  cubic  inches  was  obtained  with  the  10  foot 
diameter  sphere  using  a  method  of  packaging  similar  to  that  used  with  parachutes.  This  procedure 
consists  of  aligning  the  gores  and  folding  down  from  the  apexes.  These  figures  were  readily  con¬ 
vertible  to  other  sphere  diameters.  For  example,  the  occupied  volume  for  an  8.7-foot  diameter 
sphere,  as  required  in  the  high-speed  recovery  for  a  W/CdA  of  10,  is  equal  to  approximately  770 
cubic  inches  as  determined  by  this  process.  This  is  equal  to  0. 13  percent  of  the  inflated  volume 
for  this  sphere.  An  approximate  volume  for  the  inflation  system  and  suspension  system  was  deter¬ 
mined  to  require  an  additional  600  cubic  inches,  bringing  the  total  volume  to  1370  cubic  inches  for 
a  hard  manual  pack  (10-incK^diameter  x  18 -inch  long). 

The  sphere  will  be  folded  and  packaged  under  standard  atmospheric  pressure.  All  air 
should  be  evacuated  from  the  sphere  prior  to  packaging. 

The  following  figures  were  obtained  for  comparison  with  various  parachute  packing  den¬ 
sities: 


DENSITY  LB/CU  IN. 


Hard  Manual  Pack  0.  015 

Low  Pressure  Pack  0.018 

Medium  Pressure  Pack  0.022 

High  Pressure  Pack  0.026 


Using  these  figures  the  volume  obtained  for  the  hard  manual  pack  of  the  sphere  was  con¬ 
verted  to  a  medium  pressime  pack.  This  gives  a  reduction  in  packaged  volume  to  619  cubic  inches 
or  0.09  percent  of  inflated  volume.  The  volume  of  the  accessories  remains  constant  as  they  were 
assumed  to  be  unaffected  by  a  change  in  methods  of  packaging.  Therefore  the  total  volume  occupied 
by  the  pressure  packaged  system  would  be  approximately  1.219  cubic  inches. 

G.  DEPLOYMENT 

The  altitude  and  speed  requirements  imposed  on  the  500-pound  escape  capsule  and  an  in¬ 
flatable  drag  device  indicate  the  need  for  a  forced  deployment  system. 

The  two  methods  considered  for  forced  deployment  were  the  ejector  gun  and  the  blast  bag 
system.  Both  of  these  systems  are  accepted  procedures  in  Goodyear  Aircraft  Corporation's  escape 
capsule  system. 

In  the  ejector  gun  concept,  pull  action  of  the  projectile  forces  the  sphere  from  its  container. 
This  method  was  considered  for  use  in  deploying  the  first  and  second  stage  chutes  of  the  escape 
capsule . 

The  blast  bag  system  consists  of  a  rubber  bag  inflated  by  an  explosive  type  cartridge,  forci¬ 
bly  ejecting  the  deceleration  sphere  into  the  air  stream. 

Upon  ejection,  the  collapsed  sphere  will  travel  aft  the  length  of  the  attached  riser  lines, 
stretching  the  lines  (100  percent  deployment)  and  releasing  an  actuating  device.  This  permits  the 
valve  in  the  inflation  bottle  to  open,  allowing  the  pressurized  gas  to  fill  the  deployed  sphere. 


/ 
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Upon  descent  to  60,000  feet  pressure  altitude,  the  sphere  will  collapse  due  to  the  increased 
ambient  pressure.  The  payload  speed  is  now  over  600  ft/sec.  A  barometric  altitude  sensor,  preset 
to  a  60, 000  foot  pressure  siltitude  will  initiate  the  deployment  of  a  small  ribbon  parachute  by  means 
of  an  ejector  gun.  This  chute  is  used  to  slow  the  capsule  to  a  terminal  velocity  of  less  than  500  feet/ 
second. 
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FECTION  V 


PRELIMINARY  TESTING 


A.  FABRIC  TESTS 

1.  Heating  Tests 

Preliminary  heating  tests  were  run  with  Dacron-neoprene  samples  following  the  tentative 
selection  of  this  fabric  for  use  in  actual  fabrication  of  a  model.  Strip  samples  were  placed  in  an 
altitude  chamber  simulating  80,  000  feet.  Heat  was  applied  to  the  exposed  portion  of  the  test  speci¬ 
men  by  electrical  quartz  lamps  which  were  located  3/8  inch  from  the  surface  of  the  fabric.  Thermo¬ 
couples  were  placed  through  the  fabric  to  record  the  temperature.  See  Figure  21  for  temperature 
versus  time  curve. 

The  desired  tenperature  versus  time  curve  based  on  the  expected  maximum  steady  state 
equilibrium  stagnation  temperatures  was  determined.  By  manual  regulation  of  a  variac,  the  actual 
temperature  was  controlled  to  follow  the  desired  curve.  The  altitude  chamber  and  control  apparatus 
are  shown  in  Figures  48  and  49. 

Tv.’o  of  the  specimens  which  were  tested  are  shown  in  Figure  50.  The  maximum  temperatures 
encountered  in  the  W/CdA  =  10  condition  produced  no  harmful  effects  on  the  fabric.  Several  speci¬ 
mens,  however,  which  were  tested  at  temperatures  over  the  maximum  anticipated,  deteriorated  as 
shown  in  Figure  50.  The  over-temperature  fabric  specimen  melted  and  charred,  losing  strength 
and  foldability. 

2.  Tensile  Tests 

/ 

Following  the  final  decision  to  use  Dacron-neoprene  for  the  high-speed  recovery  condition 
of  W/CdA  =  10,  additional  tests  were  made  to  determine  fabric  and  seam  strengths  at  elevated 
temperatures.  An  ambient  temperature  of  350OF,  based  on  the  maximum  temperatures  expected 
in  transient  heating,  was  selected  for  the  tests.  An  800-pound  capacity  vertical  Scott  testing 
machine  (Figure  51)  was  used  to  test  strip-tensile  stren^h  2-inch  by  6-1/4-inch  specimens.  The 
jaws  of  the  machine  separate  at  the  rate  of  20  inches  per  minute  following  the  start  of  the  test, 
and  the  break  tensile  reading  is  recorded. 

Tests  were  made  at  room  temperature  for  both  warp  and  fill  of  the  fabric.  Additional  tests 
were  made  at  SSO^F;  the  results  indicated  that  the  tensile  strength  of  the  fabric  at  this  temperature 
is  equal  to  GO  percent  of  the  room  temperature  value.  For  single-ply  Dacron-neoprene  this  tensile 
strength  at  350°F  was  equal  to  approximately  86  pounds/inch  warp  and  65  pounds/inch  fill. 

It  was  believed  that  these  results  were  low  considering  the  actual  strength  of  the  fabric  when 
used  in  the  model.  This  is  because  cylinder  burst  tests  (strength  tests  using  an  actual  inflated 
cylinder  of  the  fabric  being  evaluated)  indicate  higher  strengths  tlian  those  from  a  simple  strip- 
tensile  test. 

No  equipment  was  available  to  make  cylinder  burst  tests  of  the  fabric  at  high  temperatures; 
however,  room  temperatxire  tests  gave  stren^hs  of  199  pounds/inch  warp  and  175  pounds/inch  fiU. 

If  the  same  ratio  of  strengths  as  was  obtained  in  strip-tensile  tests  is  assumed,  cylinder  burst 
values  of  119  pounds/inch  and  105  pounds/inch  may  be  estimated  for  the  350°F  condition. 

Tensile  tests  of  the  fabric  seam  strength  were  made  with  an  Instron  Tensile  Testing  Instru¬ 
ment,  using  one-  and  two-inch  lap  seams.  Two-inch  wide  specimens  seamed  over  the  two-inch 
width  were  clamped  into  the  jaws  of  the  machine.  During  the  test  these  jaws  moved  at  a  rate  of 
1/10  inch  per  minute.  Two  readings  of  tensile  strength  for  each  type  of  seam  are  given  in  Table  V. 

One-  and  two- inch  plain  lap  seams  were  tested.  The  following  results  were  averaged  over 
two  series  of  tests  as  shown  in  Table  V: 
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Figure  48.  Instrumentation  for  Altitude  Chamber  and  Control  Apparatus 


Figure  49.  Altitude  Chamber  and  Control  Apparatus 
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Figure  50.  Dacron-Neoprene  Temperature  Altitude  Test 


X 


Figure  51.  Vertical  Scott  Testing  Machine 
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Table  V.  Seam  Strength  at  350°F 


TYPE  OF  SEAM 

TENSILE  LOAD  TWO  MINUTES 
PRIOR  TO  BREAK 
(POUNDS/INCH) 

BREAKING  TENSILE  STRENGTH 
(POUND  SANCH) 

1-inch  lap  seam 

31 

62 

1-inch  lap  seam 

40 

53 

2-inch  lap  seam 

42 

69 

2-inch  lap  seam 

45 

69 

The  results  of  the  one- inch  seam  tests  appeared  erratic;  therefore,  it  was  felt  that  one- inch 
seams  would  be  undesirable.  Based  on  the  results  of  the  two-inch  lap  seams  tests,  a  design  value 
of  55  pounds/inch  was  selected. 

3.  Gas  Tightness  Test 

As  helium  or  a  similar  gas  is  to  be  used  in  the  actual  full-scale  drag  device,  it  was  neces¬ 
sary  to  determine  the  gas  tightness  of  the  fabric.  The  altitude  chamber  shown  in  Figures  48  and  49 
was  used  for  this  test.  The  specimen  used  was  a  circular  disc  of  fabric  designed  for  clamping  on 
the  pressure  vessel  located  inside  the  chamber  (Figure  52). 

During  the  test  the  chamber  was  evacuated  to  a  simulated  altitude  of  80,  000  feet.  The  quartz 
lamps  heated  the  fabric  to  approximately  470°F  for  several  minutes.  (Maximum  equilibrium  stag¬ 
nation  temperature  is  450°F. )  The  pressure  vessel  over  which  the  sample  was  clamped  was  then 
pressuriz^  with  helium  to  several  psig  to  simulate  the  actual  pressure  differential  existing  across 
the  model  at  high  altitudes. 

The  concentr'’.tion  of  helium  in  the  high-altitude  chamber  during  the  pressure- vessel  testing 
was  measured  with  a  helium  leak  detector.  The  leak  detector  is  actually  a  mass  spectrometer.  A 
gaseous  analysis  is  accomplished  by  ionization,  with  an  electron  beam,  of  a  small  sample  of  eases 
takeii  IiOiii  Liie  iiigii-aititude  chamber. 

The  helium  leakage  rate  was  extremely  small,  amounting  to  0.0001  cubic  feet/square  feet- 
minute  for  a  temperature  of  approximately  470OF  and  a  pressure  differential  of  2  psi.  Therefore, 
the  total  leakage  for  the  high-speed  recovery  trajectory  will  be  negligible. 

4.  Emissivity  Test  ^ 

An  emissivity  value  of  0.  8  has  been  used  for  preliminary  analysis  of  dacron-neoprene  based 
on  infornmtion  supplied  for  dacron  cloth  alone.  A  test  was  carried  out  in  the  Goodyear  Aircraft  Fabric 
Laboratory  to  verify  or  disprove  this  assumed  value. 

The  emissivity^  was  determined  by  comparing  a  three- inch  diameter  sample  of  the  fabric 
with  a  standard  which  possessed  a  good  approximation  of  black  body  characteristics.  An  oxidized 
iron  plate  (three  inches  in  diameter)  coated  with  camphor  soot  was  used  as  this  standard.  According 
to  data  from  the  Instruction  Manual  of  a  Bolometer  published  by  the  Servo  Corporation  of  America, 
a  camphor -sooted  surface  possesses  characteristics  of  radiation  versus  temperature  very  nearly 
equal  to  a  black  body  source.  For  the  purpose  of  comparison  of  emissivity  data,  it  has  been 
assumed  that  the  camphor- sooted  standard  has  an  emissivity  of  0.  985  (versus  1.  0  for  a  true  black 
body)  from  100  to  1500°F. 

This  test  apparatus  is  shown  in  Figure  53.  The  procedure  was  as  follows:  In  each  instance, 
the  sample  was  clamped  over  the  heater  element.  A  thermocouple  was  embedded  with  the  last  turn 


^  The  ratio  of  the  total  radiating  power  of  a  non-black  surface  to  that  of  a  black  surface  at  the 
same  temperature. 
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of  the  couple  at  the  outer  surface  of  the  sample.  The  thermopile  was  placed  over  the  sample.  The 
bell  jar  was  placed  over  the  assembly  and  the  space  was  evacuated  by  means  of  high  vacuum  pump 
to  about  0.  75  inch  Hg  (equivalent  to  approximately  80,  000  feet  altitude).  The  sample  was  heated  by 
means  of  electric  power  controlled  by  a  Variac  variable  transformer.  The  temperature  (T)  of  the 
sample’s  surface  (facing  the  thermopile)  was  obtained  by  reading  the  output  from  the  imbedded  ther¬ 
mocouple  on  a  millivoltmeter  calibrated  in  degrees  F.  Relative  radiation  (E)  in  millivolts  (output 
from  tlie  thermopile)  was  read  on  another  millivoltmeter.  For  each  temperature  the  corresponding 
radiation  level  was  read  and  compared  to  the  radiation  level  (also  in  millivolts)  read  for  the  standard 
(Es)  at  that  temperature.  Emissivity  for  a  given  sample  at  a  given  temperature  (T)  was  determined 
according  to  Eq  (30).  / 


( 


1 

0.  985 


T  =  K 


A  curve  of  t  versus  °F  is  shown  in  Figure  54.  (30) 


From  the  results  of  the  tests,  it  appears  that  the  assumed  emissivity  value  of  0.8  is  rather 
high;  however,  there  are  several  methods  of  raising  the  value  for  the  Dacron-neoprene  fabric.  One 
such  method  would  be  to  paint  the  surface  of  the  model  with  a  flat  black  paint;  another  would  be  to 
buff  the  neoprene  coating  slightly  to  dull  its  sheen.  Buffing  will  not  weaken  the  fabric  unless  the 
cloth  itself  is  harmed. 

B.  WIND  TUNNEL  TESTING  AND  DROP  TESTS  AT  GOODYEAR  AIRCRAFT  CORPORATION 

The  15 -inch  spherical  drag  model  was  fabricated  for  tests  in  the  Goodyear  Aircraft  subsonic 
horizontal  wind  tunnel  in  an  attempt  to  investigate  model  deformations  under  varying  air  loads,  a 
range  of  model  inflation  pressures,  and  two  types  of  suspension  systems.  Several  scale  models  were 
fabricated  for  testing.  The  first  of  these  was  a  15-inch  ^ameter  sphere.  The  15-inch  diameter  was 
selected  to  achieve  supercritical  Reynolds  numbers  at  maximum  velocity  in  the  Goodyear  Aircraft 
Corporation  wind  tunnel  where  testing  was  planned.  The  sphere  was  constructed  from  two-ounce  per 
square  yard  one -ply  nylon  ripstop  coated  with  neoprene  No.  x  A21A381.  The  sphere  was  made  up  of 
twelve  gores  bonded  together  with  neoprene  cement.  Inflation  was  accomplished  through  a  tire  valve 
located  at  the  apex  of  the  gores  on  the  leeward  portion  of  the  sphere. 

The  model  was  built  so  that  two  types  of  suspension  systems  could  be  used  for  connection 
with  the  payload.  The  model  is  shown  in  Figure  39  with  a  single  line  and  in  Figure  40  with  eight 
lines  running  tangent  from  the  model  and  intersecting  slightly  above  the  payload. 

The  model  was  found  to  be  unstable  when  mounted  in  the  tunnel,  and  such  tests  were  im¬ 
practical.  This  instability  was  apparently  due  largely  to  blockage  in  the  3-1/2  x  5 -foot  tunnel  (on 
the  order  of  7  percent)  and  the  turbulence  characteristics  of  the  tunnel  itself  (turbulence  factor  = 

1. 64).  It  was  thus  felt  that  drop  tests  should  be  made  to  obtain  a  more  realistic  picture  of  spherical 
drag  body  performance. 

Drop  tests  were  made  inside  the  Goodyear  Aircraft  airship  dock  from  a  height  of  190  feet. 

Six  drops  were  made  using  three  W/A  values  of  1.0,  2.0,  and  10  with  each  of  two  suspension  sys¬ 
tems  as  shown  in  Figures  39  and  40.  The  load  was  attached  approximately  3  feet  from  the  model 
(5  to  6  diameters  of  payload).  The  average  velocity  of  the  model  during  the  drop  was  determined 
with  a  stopwatch.  The  drift  was  actually  measvired.  The  oscillation  was  estimated  by  observation. 

An  attempt  was  made  to  photograph  the  model  toward  the  end  of  each  drop  to  measure  deformation 
with  an  inflation  pressure  of  1/2  psig,  but  this  was  not  found  to  be  feasible  without  complex  instru¬ 
mentation  and  lighting. 

The  results  of  the  test  are  shown  in  Table  VI. 

During  each  of  the  tests  the  model  system  entered  a  conical  spin,  the  magnitude  of  which 
appeared  to  lessen  with  an  increase  in  velocity  or  Reynolds  number.  Of  the  two  types  of  suspension 
systems  tested,  the  single-line  system  appeared  less  stable.  The  velocities  obtained  in  these  tests 
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EMISSIVITY  (E) 


TEMPERATURE  {°F) 


Figure  54.  EmissivJty  versus  Temperature  (Dacron -Neoprene  Fabric) 
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Table  VI.  Drop  Test  Data  for  15-Inch  Diarheter  Balloon 


TEST 

NO. 

TYPE  OF 
SUSPENSION 

PAYLOAD 
WEIGHT 
(LB)  ■ 

W/A 

TIME  TO 
DESCENT 
(SEC) 

AVERAGE 

VELOCITY 

(FPS) 

DRIFT 

(FT) 

PERFORMANCE 

1 

8  Lines 

0.80 

y 

1.0 

5.1 

35.8 

6.5 

Immediately  enters 
conical  spin  with 
load  apparently  at 
point.  Cone  angle  = 
approximately  40 
degrees. 

2 

8  Lines 

2.00 

2.0 

4.2 

43.5 

4, 1 

Immediately  enters 
spin  as  previously, 
but  with  higher 
angular  velocity 
and  a  lower  cone 
angle. 

3 

8  Lines 

3.08 

10 

4.05 

45.0 

1.  8 

Immediately  enters 
spin.  Highest  spin 
velocity  and  lowest 
cone  angle  (approx¬ 
imately  30  degrees) 
of  3  weights. 

4 

Single  Line 

0.80 

1 

5. 1 

35.8 

1.  7 

Enters  spin  approx¬ 
imately  0.  2  second 
after  drop  begins. 
Cone  angle  =  ap¬ 
proximately  120 
degrees.  Some¬ 
what  lower  spin 
velocity  than  pre¬ 
viously. 

5 

Single  Line 

2.00 

1 

43.5 

3.0 

Immediately  enters 
spin.  Cone  angle  = 
approximately  100 
degrees. 

6 

Single  Line 

0.80 

1 

1 

35,8 

1.  7 

Enters  spin  approx¬ 
imately  0. 2  second 
after  drop  begins. 
Cone  angle  =  ap¬ 
proximately  120 
degrees.  Somewhat 
lower  spin  velocity 
than  previously. 

were  quite  low,  as  were  the  Reynolds  numbers  (less  than  approximately  5  x  105);  therefore,  more 
instability  was  indicated  in  the  system  than  would  be  obtained  above  the  critical  Reynolds  nximber. 

Because  of  the  indications  of  instability  at  low  velocities,  it  was  felt  that  additional  testing 
should  be  carried  out  to  verify  theoretical  assumptions  of  stability  for  a  spherical  body  at  super¬ 
critical  Reynolds  numbers. 


/ 
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C.  WIND  TUNNEL  TESTS  AT  WADC 

Two  irilatable  models  were  fabricated  for  wind  tunnel  testing  in  the  WADC  12-foot  vertical 
wind  tunnel.  These  models  were  built  to  1/4-scale  of  the  8.  69-foot  diameter  sphere  recommended 
for  the  W/CdA  =  10  condition  in  the  high-speed  recovery.  This  size  was  selected  in  an  effort  to 
adequately  surpass  the  critical  Reynolds  number  Rn  critical  =  3. 85  x  10^  for  the  body  at  high  tunnel 
velocities. 

The  first  of  these  models  was  a  spherical  drag  shape  (see  Figure  55)  which  could  be  modi¬ 
fied  by  the  addition  of  two  nose  cones  simulating  covered  inflation  assemblies  placed  on  the  forward 
portion  of  the  sphere.  A  removable  tripper  strip  or  fence  was  attached  at  a  point  75  degrees  from 
the  nose.  This  model  was  also  constructed  from  nylon-neoprene  fabric  in  an  attempt  to  scale  the 
weight  of  the  full-size  model.  This  model  has  a  diameter  of  2. 175  feet,  weighs  one  pound,  and  is 
made  up  of  16  gores.  It  is  inflated  through  a  standard  tire  valve. 

The  second  of  these  models  (see  Figure  56)  was  built  in  an  effort  to  obtain  some  information 
on  the  stability  of  a  streamlined  shape  with  a  2:1  fineness  ratio  (diameter  2.2  feet,  length  4.4  feet). 
This  model  was  constructed  i^the  same  manner  as  described  in  the  preceding  paragraph.  The  model 
was  built  so  that  it  might  be  mounted  in  the  tunnel  with  either  end  facing  the  air  flow.  This  was  done 
in  order  to  study  the  stability  of  both  the  teardrop  and  the  inverted  teardrop  shapes. 

Quarter-scale  models  of  various  drag  bodies  shown  in  Figiire  57  were  attached  to  10-  and 
25-pound  weights,  and  the  system  was  tested  in  WADC's  12-foot  vertical  wind  tunnel.  The  test  sec¬ 
tion  velocity  was  increased  until  the  drag  of  the  model  supported  the  weight  of  the  system.  This 
steady  state  condition  could  be  maintained  effectively  for  periods  of  approximately  30  seconds.  The 
resulting  motions  were  recorded  on  film  along  with  visual  observations  which  are  listed  in  Table  VII. 

Table  vn.  Vertical  Wind  Tunnel  Data  on  l/4-Scale  Test  Models 


MODEL 
(see  Figure  57) 

TUNNEL  VELOaTY,  FPS 

MOTION  OF  SYSTEM 

A 

75  to  100 

oscillations,  i  10  degrees 

B 

75  to  100 

oscillations,  *  5  degrees 

C 

75  to  100 

oscillations,  -  5  to  10  degrees 

D 

75  to  100 

Tfast  spin,  45  degrees,  body  axis 

E 

75  to  100 

<of  symmetry  horizontol 

D  with  no 
fence 

75  to  100 

(§ame  as  above,  fast  45-degree  spin 

The  same  general  motion  was  observed  when  either  of  the  weights  was  attached.  However, 
the  amplitude  of  the  oscillating  drag  body  decreased  as  the  payload  weight  increased. 

Results  from  the  vertical  wind  tunnel  test  indicate  that  a  nose  cone  sphere  combination  with 
a  vortex  generator  or  burble  fence  (ring  around  the  body)  (see  Figure  20)  is  the  most  promising 
configuration  model  for  a  stable  system  in  the  speed  range  tested.  A  partially-filled  spherical 
model  may  be  used  to  simulate  this  configuration,  since  it  would  assume  a  similar  pear  shape  upon 
descent. 

The  value  of  a  fence  for  stabilization  was  demonstrated  in  the  test,  and  future  models  should 
incorporate  this  technique.  The  fence  positively  trips  the  flow  over  a'  body  from  laminar  to 
turbulent  flow,  stabilizing  the  body  because  of  the  resulting  turbulent  wake. 

An  increase  in  velocity  decreased  the  amplitude  of  oscillations,  indicating  that  at  very  high 
speeds  the  amplitude  of  oscillations  should  be  very  small.  Because  of  this  result  and  because  the 
effect  of  deceleration  could  not  be  simulated  in  the  vertical  wind  tunnel,  more  stability  tests  were 
run  so  that  a  final  shape  could  be  selected. 
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Figure  57,  WADC  Wind  Tunnel  Test  Models 
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Figure  58.  Quarter-Scale  Models  for  Goodyear  Aircraft  Corporation  Drop  Tests 


WADD  TR  60-182 


69 


D.  SCALE  MODEL  DROP  TESTS  AT  GOODYEAR  AIRCRAFT  CORPORATION 

Additional  drop  tests  of  l/4-8caIe  models  were  conducted  from  the  190-foot  high  Goodyear 
Aircraft  Corporation  air  dock  using  4. 57-,  10-,  and  25-pound  payload  wei^ts  (see  Figure  58  for 
model  configurations).  The  4.  57-pound  payload  established  a  W/CdA  ratio  of  10  in  the  super¬ 
critical  Reynolds  number  range.  The  Reynolds  number  attained  was  well  into  the  supercritical 
range  (above  3. 85  x  lO^).  The  most  promising  configuration  with  respect  to  stability  was  the 
sphere  equipped  with  a  vortex  generator  or  large  burble  fence  (appro^mately  3  percent  of  sphere 
diameter).  During  repeated  tests  using  the  burble  fence  configuration,  no  coning  or  oscillations 
were  noted,  indicating  that  a  vortex  generator  is  required.  Accordingly,  repeated  tests  were 
conducted  to  determine  the  optimum  location  for  the  vortex  generator.  The  results  of  these  tests 
established  the  optimum  location  of  105°  for  the  vortex  generator  or  burble  fence  for  maximum 
stability. 
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SECTION  VI 


WIND  TUNNEL  TESTS 


A.  NASA  LANGLEY  RESEARCH  CENTER  TESTS  (AERODYNAMIC) 

1.  General 

The  primary  objective  of  this  phase  of  the  test  program  was  to  determine  the  supersonic 
aerodynamic  characteristics  of  a  sphere  located  in  the  wake  of  various  bodies,  for  in  actual  payload 
recovery  the  sphere  would  trail  by  means  of  a  riser  line  in  the  payload's  wake.  The  test  model  con¬ 
figurations  consisted  of  various  primary  bodies  (a  payload)  and  a  secondary  drag  body  (a  sphere). 

Subsonic  investigations  have  been  performed  by  Goodyear  Aircraft  Corporation  on  tethered 
inflatable  drag  devices  of  various  shapes.  Pear-shaped  and  spherical  models  attached  with  different 
length  riser  lines  to  weighted  payloads  were  employed  in  a  vertical  free  flight  tunnel  and  in  drop 
tests  at  velocities  below  300  feet  per  second.  All  of  the  configurations  proved  unstable  at  Reynolds 
numbers  greater  than  the  critical  Reynolds  number.  It  was  found  that  the  addition  of  a  flow  separa¬ 
tion  fence  or  vortex  generator  in  the  shape  of  a  torus  just  aft  of  the  maximum  diameter  of  the  sphere 
resulted  in  excellent  pitch  and  roll  stability  characteristics.  The  addition  of  the  separation  fence 
also  increased  the  drag  of  the  sphere.  The  aerodynamic  influence  of  the  separation  fence  on  spheres 
at  supersonic  speeds  was  also  an  objective  of  this  study  program. 

2.  Wind  Tunnel  and  Auxiliary  Equipment 

The  NASA  Langley  Research  Center  4-foot  x  4-foot  Unitary  Wind  Tunnel  is  a  continuous- 
operation,  closed-circuit  type  in  which  the  pressure,  temperature  and  humidity  of  the  enclosed  air 
can  be  regulated.  The  Mach  number  can  be  increased  from  1.5  to  2.0  without  stopping  the  air  flow. 
In  order  to  increase  the  Mach  number  from  2.  0  to  2.  5  the  tunnel  air  flow  must  be  stopped  in  order 
to  change  compressor  modes.  See  Reference  7  for  a  general  description. 

X 

A  spark  Schlieren  system  was  employed  for  qualitative  flow  observations. 

The  pressure  distribution  data  were  obtained  with  electrical  transducers.  Force  measure¬ 
ments  were  obtained  with  a  standard  six-component  strain  gage  balance.  All  oi  the  drag  coefficients 
reported  herein  include  the  incremental  drag  value  which  was  obtained  from  the  product  of  the  base 
pressure  and  the  cross  sectional  area  of  the  sting  support.  Brown  recorders  were  used  to  record 
the  recovery  temperature  distribution  data. 

Calibration  and  operation  of  the  equipment  along  with  collection  and  reduction  of  data  were 
performed  by  N.\SA  personnel. 

3.  Tunnel  Test  Conditions 

The  desired  Reynolds  number,  with  the  diameter  of  the  8-inch  sphere  for  the  reference 
length,  was  obtained  with  the  following  tunnel  pressures  and  temperatures. 


MACH  NUMBER  TOTAL  PRESSURE  TOTAL  TEMPERATURE 

1.5  523  psf  125°F 

2.0  506  psf  I25OF 

2.5  433  psf  150OF 


4.  Test  Model  Instrumentation 

Pressure  orifices  were  placed  on  the  solid  and  inflatable  sphere  of  test  model  configura¬ 
tions  1  through  5  (Figure  59)  as  follows: 
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D1 


1.  Solid  Fabric-Covered  Sphere 


Flat  Faced 
1/4"  Dia 
Knurled  Spike 


8"  or  24' 


-fc-  8"  — 


2.  Solid  Fabric  Covered  Sphere 
With  Spike  Lengths  of  8"  and  24’ 
3^  With  and  Without  Separation 
Fence 

Separation  Fence  -  7.719"  Inside 
Dia  Torus  0.250"  Dia  Thick 


PRIMARY  BODIES 


A.  Disc 


2.  81"' 
Dia 


9  ftlV  4 

B.  Sphere  Diaj^ 


Variable  Length 
Actuator  Rod 


10” 

24"  ^ 

Base  of  Primary  Body 


3.  Solid  Fabric  Covered 
Sphere  with  Separation 
Fence  and  Variable 
Length  Actuator  Rod 
Which  Supports  the 
Various  Primary  Bodies 


1.405"  R  N—  15°  Flared  Skirt 

C.  Symmetrical 

Man  Capsule  q,  935"— ^37"  Dia 

2. 350”-— r- 
3.  750" - 


NOTE: 

Primary  Body  "C"  -  Scale  NAA  Life 
Support  Capsule 
Primary  Body  "D”  -  Scale  GAC 

Escape  Capsule 


77°  rl.  84" 

2.  96"  R_£; 7^1.  66'V7  3. 14" 

3.  00"  1  83" 

D.  Unsvmmetrical  3.  06"  R— r  ' 

Man  Capsule  2.  14”  Radial  Tangent  Line 


Figure  59.  Test  Model  Configurations 
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Covered  Sphere 


overed  Sphere 
igths  of  8"  and  24" 
3ut  Separation 


ce  -  7.  719"  Inside 
iO"  Dia  Thick 


DETAIL  OF  VARIABLE  LENGTH  ACTUATOR  ROD 


Expanded 


Fabric  Covered 
e  with  Separation 
and  Variable 
1  Actuator  Rod 
Supports  the 
js  Primary  Bodies 


Flow 


4.  Inflatable  Sphere  With 
Separation  Fence 


12  Meridian  Cables  1/32"  Dia 
Placed  30°  Apart  and  Covered 
With  1/2"  Strips  of  Fabric 


"C"  -  Scale  NAA  Life 
Support  Capsule 
■D”  -  Scale  GAC 

Escape  Capsule 


aw 


-  Wall  to  Wall  Support  Strut  "V"  Planform 
_  Unsymmetrical  Man  Capsule 


\  r— 1/16"  Dia  Cable 

T  0  to  5  Long 


Cable  Length  Controlled 
From  Outside  of  Tunnel 


5.  Inflatable  Sphere  With 
Separation  Fence  (same 
as  4  above)  and  Actua¬ 
tor  Rod  With  Symmet¬ 
rical  Man  Capsule 


6.  Tethered  Inflatable 
Spherical  Fabric  Bal¬ 
loon  With  Separation 
Fence  and  Unsymmet¬ 
rical  Man  Capsule 


8"  Dia  Inflatable 
Spherical  Balloon 


Figure  59.  Test  Model  Configurations 


(1)  Along  the  right  side  in  a  yaw  plane  at  10-degree  increments  from  6  =  10  degrees 
to  160  degrees  inclusive. 

(2)  Along  the  bottom  in  a  pitch  plane  at  10-degree  increments  from  0  =  10  degrees  to 
160  degrees,  65  degrees  to  115  degrees,  and  120  degrees  to  160  degrees  inclusive. 

Thermocouple  heat  sinks  were  placed  on  the  solid  sphere  of  test  model  configurations  1 
through  3  as  follows; 

(1)  Along  the  left  side  in  a  yaw  plane  at  10-degree  increments  from  6  -  10  degrees 
to  160  degrees  inclusive. 

(2)  Along  the  top  in  a  pitch  plane  at  10-degree  increments  from  ^  =  10  degrees  to 
60  degrees,  65  degrees  to  115  degrees,  and  120  degrees  to  160  degrees  inclusive. 

A  detail  drawing  of  a  typical  pressure  orifice  and  thermocouple  heat  sink  are  shown  in 
Figure  60. 


COUNTERSUNK  FLATHEAD  BOLT 
BOLT  SLOT  POTTED 
0.050"  DIA  HOLE 


FABPtC  COVERING 
ALUMINUM 
SPHERE 


I  1/8"  X  1/4"  2  MIL  PLATINUM  HEAT 
— 1  SINK  SPOT  WELDED  TO  THE 


IC  THERMOCOUPLE- 


TEMFLEX  105  No.  17 
TUBING - 1 


— - - 

i«  ' 

SILASTIC  PLUG— > 

MERCURY  WELDED 
IRON  -  CONSTANTAN 
THERMOCOUPLE - 


Figure  60.  Pressure  Orifice  and  Thermocouple  Detail 


5.  Test  Models 

The  wind  tunnel  test  models  are  shown  as  various  configurations  in  Figure  59. 

a.  Configuration  1.  The  solid  fabric -covered  sphere  was  constructed  of  1/8-inch  spun  aluminum 
and  covered  with  sixteen  gores  of  Dacron-neoprene  fabric.  This  model  was  used  to  corroborate 
basic  supersonic  sphere  data.  The  fabric -covered  sphere  is  shown  in  the  wind  tunnel  in  Figures  61 
and  62. 

b.  Configuration  2.  This  is  the  same  solid  sphere  as  noted  in  configuration  1  with  additional 
components  of  a  separation  fence  and  8-inch  and  24-inch  spikes.  The  separation  fence  was  con¬ 
structed  from  a  1/4-inch  diameter  steel  rod  (3  percent  of  the  sphefe  diameter)  in  the  form  of  a 
torus  and  was  attached  to  the  sphere  at  d  *  105  degrees.  The  spikes  were  constructed  from  1/4- 
inch  diameter  steel  rods  which  were  knurled  to  simulate  a  wire  strand  cable.  The  front  tip  of  the 
spikes  was  flat -faced. 

c.  Configuration  3.  This  is  the  same  solid  sphere  as  noted  in  configuration  1  with  the  additional 
components  of  a  separation  fence  (same  as  in  configuration  2),  four  primary  bodies  (payloads),  and  a 
variable  length  actuator  rod  (to  simulate  a  riser  line).  The  four  primary  bodies,  which  were  con¬ 
structed  of  aluminum,  were  held  in  front  of  the  sphere  by  the  variable  length  actuator  rod. 
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Figure  61.  Tunnel  Installation  of  Test  Model 
Configuration  1  (Upstream  View) 


Figure  62.  Tunnel  Installation  of  Test  Model 
Configuration  1  (Downstream  View) 
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The  longtli  of  acleator  rod  which  was  used  to  vary  the  distance  between  the  primary  body 
and  the  secondary,  spherical  body  was  changed  during  tunnel  shut-down.  When  the  actuator  rod  was 
retracted,  the  distance  between  the  two  bodies  was  10  inches;  when  the  rod  was  fully  extended,  the 
distance  was  24  indies.  ^ 

Eaclt  of  llie  primai-y  bodies  was  tested  at  the  two  actuator  rod  lengths  of  10  and  24  inches. 
The  separation  fence  was  at  0  •  105  degrees  for  all  tests.  The  test  model  configurations  without 
the  separation  fence  are  shown  in  Figures  63  through  66. 

d.  Configuration  4.  This  model  consisted  of  an  inflated  sphere  rigged  with  a  separation  fence 
at  0  =  105  degrees.  The  separation  fence  was  constructed  from  a  0.25-inch  diameter  rubber  tube. 
The  internal  pressure  of  the  sphere  was  varied  during  the  test  in  order  to  determine  the  minimum 
differential  pressure  required  to  prevent  significant  deformation  and  flutter.  This  inflated  sphere 
i.ad  a  steel  shaft  extending  from  the  rear  sting  mount  to  the  front  of  the  sphere.  Twelve  meridian 
cables  were  attached  to  rings  at  both  ends  of  the  shaft.  The  meridian  cables  were  attached  to  the 
sphere  at  30  degree  increments  by  means  of  l/2-inch  strips  of  fabric  cemented  to  the  inflated 
sphere. 

e.  Configuration  5.  This  is  the  same  inflated  sphere  as  noted  in  configuration  4  with  me  addi¬ 
tional  '’omp'^^ents  of  a  variable  length  actuator  rod  and  a  symmetrical  man  capsule.  These  com¬ 
ponents  are  the  same  as  were  discussed  ur.dc-r  configuration  3.  This  inflated  sphere  with  the  unsym- 
metrical  man  capsule  is  shown  in  Figure  67. 

f.  Configuration  6.  This  consisted  of  an  inflatable  fabric  sphere  which  was  tethered  by  a  riser 
line  behind  the  unsymmetrical  capsule.  The  capsule  was  attached  by  means  of  a  cylindrical  shaft  to 
a  ”V”  planform,  wall-to-wall  support  strut.  The  inflated  sphere  was  constructed  of  sLxteen  gores  of 
Dacron-neoprene  fabric.  A  0.25-inch  diameter  rubber  tube  separation  fence  was  attached  at  0  =  105 
degrees.  There  were  12  meridian  cables  of  l/32-inch  diameter  stranded  cable  placed  30  degrees 
apart.  These  cables  were  held  in  place  by  means  of  1/2-inch  strips  of  fabric  cemented  to  the  model. 

The  model  was  attached  to  a  15 -foot  cable  that  terminated  into  the  unsymmetrical  man 
capsule,  through  the  cylindrical  shaft,  and  through  the  support  strut  to  the  outside  of  the  tunnel. 

In  this  manner  the  riser  line  length  could  be  varied  during  the  tests  to  observe  the  aerodynamic  be¬ 
havior  of  the  model  at  different  distances  behind  the  capsule.  The  internal  pressure  of  the  model 
was  varied  by  pulling  the  model  up  to  the  capsule  where  it  came  in  contact  with  an  inflation  valve. 

The  capsule  and  model  are  shown  in  Figures  68  and  69.  The  method  in  which  the  capsule  was  at¬ 
tached  to  the  wall-to-wall  strut  is  shown  in  Figure  70  with  the  cable  to  which  the  model  was  attached 
hanging  from  the  back  of  the  capsule. 

The  test  models  of  configurations  1  through  5  were  mounted  on  a  sting  which  had  a  1-5/8- 
inch  diameter  at  the  base  of  the  instrumentated  spherical  body.  A  typical  setup  from  upstream  of 
the  test  section  is  shown  in  Figure  71. 

The  surface  roughness  of  the  test  model  components  were; 


Fabric 

Spikes 

Primary  Bodies 
Actuator  Rod 


125  microinches 
15, 000  microinches 
65  microinches 
65  microinches 


6.  -.cussion  of  Results 

a.  Spheres.  The  measured  drag  coefficients  for  the  solid,  fabric -covered  sphere  (test  con- 
figuration  1)  are  shown  in^Figure  72  over  a  Reynolds  number  range  of  3.6  x  105  to  10®.  Several 
additional  tests  were  performed  to  determine  the  drag  coefficient  behavior  from  Mach  1.47  to 
2.16. 


The  reported  drag  coefficients  at  Mach  1.5  and  2.  5  are  not  in  agreement  with  other  reported 
values  as  contained  In  Reference  8.  The  indicated  pressure  coefficient  distribution  data,  which  were 
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Figure  67.  Test  Model  Configuration  5  with 
Unsym  metrical  Man  Capsule 


j _ 


Figure  68.  Test  Model  Configuration  6 


Figure  69.  Test  Wbdel  Configuration  6  Showing 
Extended  Riser  Line 
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Figure  70.  Tunnel  Wall  to  Wall  Strut  Installation  of  Test  Model 
Configuration  6  for  Tethered  Balloon  Tests 


Figure  71.  Tunnel  Installation  of  Test  Model  Configuration  3 
with  Symmetrical  Man  Capsule 


X 
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obtained  during  the  test  program  and  presented  in  Figure  73,  were  used  as  a  further  check  on  the  low 
measured  drag  coefficients  presented  in  Figure' 72.  Excluding  a  frictional  drag  component,  the  area 
enclosed  by  tlio  plotted  curve  of  Cp  sin2  Q  versus /S  represents  the  pressure  drag  coefficient  of  the 
sphere,  for 


(CD)p 


Cp  sin  20d0 


where, 

(CD)p  =  Cd  -  (CD)f 


The  pressure  drag  coefficients  are  compared  with  the  measured  drag  coefficients. 


M 

(CD)p 

1.5 

0.826 

0.864 

2.0 

0.956 

0.966 

2.5 

0.785 

0.792 

The  pressure  coefficient  data  which  was  in  error  by  ±  0.  033  resulted  in  an  error  of  ap¬ 
proximately  ±10  percent  for  the  pressure  drag  coefficients  which  were  obtained  by  integrating  the 
pressure  coefficient  distributions.  The  difference  between  the  measured  and  pressure  drag  coef¬ 
ficients  is  within  the  accuracy  of  the  data. 

The  measured  drag  coefficients  compare  favorably  with  the  pressure  drag  coefficients 
since  the  skin  friction  drag  of  blunt  bodies  is  small  when  compared  to  the  total  drag  (see  Reference 
9). 


It  has  been  concluded  with  NASA  verification  that  the  magnitude  of  the  measured  drag 
coefficients  is  correct,  and  further  tests  are  required  to  determine  if  the  low  drag  coefficients 
at  Mach  1. 5  and  2.  5  are  caused  by  the  fabric  covering  on  the  sphere. 

The  pressure  coefficient  distributions  shown  in  Figure  73  for  the  solid,  fabric -covered 
sphere  are  not  consistent  with  other  investigators'  results  (References  10  through  17).  Of  course, 
this  is  reflected  in  the  measured  drag  results;  but,  it  is  most  alarming  to  find  the  difference  as 
large  as  30  percent  at  Mach  2.  5  when  the  distribution  is  less  than  that  at  Mach  1.  5  and  2. 0. 

It  has  been  generally  concluded  from  the  results  of  many  tests  that  the  pressure  coefficient 
increases  with  increasing  Mach  number.  A  modified  Newtonian  theory  can  be  used  to  predict  with 
reasonable  accuracy  the  pressure  coefficient  trend  on  a  hemisphere.  The  Newtonian  theory  for  the 
pressure  coefficient  distribution  on  a  hemisphere  is  Cp  =  2.0  cos^  ff .  The  value  of  2.0  which  is  ap¬ 
plicable  at  Mach  numbers  approaching  infinity  is  modified  in  the  following  manner: 


=  ^Pmax 


where 

max 
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is  the  stagnation  prcssiu-c  coefficient  across  a  normal  shock  wave  at  the  free  stream  Mach  number. 
This  theory  wliich  has  been  verified  by  a  multitude  of  data  indicates  that  the  pressure  coefficient  in¬ 
creases  with  increasing  Mach  number.  A  plot  of  the  modified  Newtoni.an  theory  for  Mach  1.5,  2.0, 
and  2.5  is  presented  in  Figure  73  for  comparison. 

The  suspected  cause  of  tiie  low  pressure  coefficients  at  Mach  2.5  is  the  fabric  cover  on 
the  sphere  and  the  low  Reynolds  number  of  the  tests.  The  data  presented  in  References  12  and  14 
tend  to  support,  but  not  conclusively,  the  data  presented  herein. 


In  Reference  12  the  pressure  distribution  about  a  sphere  is  given  for  Mach  4.  95  and  Reynolds 
numbers  of  3.2  x  10®.  8.0  x  10®,  and  13.0  x  10®.  Although  the  stagnation  pressure  coefficient  is  the 
same  at  all  three  Reynolds  numbers,  the  pressure  coefficient  distribution  about  the  sphere  decreases 
when  the  Reynolds  number  is  decreased  from  8.0  x  10®  to  3.2  x  10®.  This  decrease  is  within  the 
accuracy  of  the  pressure  measurements.  In  Reference  14  the  stagnation  pressure  coefficient  at 
Mach  2.48  is  higher  than  at  Mach  2.67,  but  the  difference  between  these  stagnation  pressure  coef¬ 
ficients  is  small  and  could  lie  within  tlie  error  of  the  data.  It  is  also  shown  that,  at  a  peripheral 
distance  from  the  stagnation  point,  the  pressure  coefficients  at  Mach  2.15  are  lower  than  at  Mach 
1.86.  . 


Further  testing  will  be  icqcired  to  determine  conclusively  whether  the  cause  of  the  low  drag 
and  pressure  coefficients  should  be  attributed  to  the  fabric  covering  on  the  sphere  or  to  a  low  Rey¬ 
nolds  number. 

b.  Spiked  Spheres.  The  drag  coefficients  of  spiked  spheres,  test  model  configuration  2,  are 
shown  in  Figures  74,  75<'and  76.  The  separation  fence  influences  the  resultant  drag  coefficient.  As 
expected,  the  spike  length  of  Lr/D  =  3.0  reduces  the  drag  of  the  sphere  by  a  lesser  amount  than 
the  spike  length  of  Lr/D  =  1.0.  The  effect  of  various  spike  diameters  on  the  drag  reduction  was 
not  investigated,  but  from  Reference  18  it  can  be  concluded  that  a  thicker  spike  would  have  resulted 
in  greater  drag  reductions. 

The  effect  of  angle  of  attack  on  the  drag  coefficient  of  a  spiked  sphere  is  shown  in  Fig¬ 
ure  75,  and  the  effect  of  spike  length  is  shown  in  Figure  76.  The  drag  coefficient  change  for 
Lr/D  =  1. 85  was  determined  from  Reference  19,  and  is  due  to  flow  reattachment  on  the  spike. 

Random  flow  attachment  on  the  spike  was  observed  for  the  spiked  sphere  with  Lr/D  «  1.0 
at  Mach  1.  50.  The  flow  separated  off  the  flat  face  of  the  8-inch  spike  leaving  a  conical  turbulent 
wake  which  was  slightly  greater  than  the  conical  shaped  wake  imposed  by  the  spike  tip  and  sphere. 

At  random,  the  flow  would  become  attached  to  the  spike  approximately  1/2  inch  from  the  tip  of  the 
spike.  Flow  separation  then  occurred  along  the  spike  leaving  a  conical  turbulent  wake.  This  at¬ 
tached  flow  would  last  for  as  long  as  five  seconds  and  then  collapse  to  the  original  flow  separation 
off  the  face  of  the  spike.  The  measured  drag  coefficient  of  0.  765  was  observed  for  the  condition  of 
flow  separation  off  the  face  of  the  spike.  For  the  flow  condition  where  separation  occurred  along 
the  spike,  it  was  estimated  that  the  drag  coefficient  was  0.61.  This  type  of  flow  oscillation  was  also 
observed  in  References  19  and  20. 

The  pressure  coefficient  distributions  on  the  spiked  sphere  are  shown  in  Figures  77  through 
86.  It  is  not  known  if  the  random  flow  attachment  influenced  the  pressure  distribution  at  Mach  1.  5 
for  the  spiked  sphere  where  Lr/D  =  1.  0.  Without  a  burble  or  separation  fence,  it  can  be  seen  that 
the  base  pressure  coefficient  decreases  with  increasing  Mach  number.  The  addition  of  the  separa¬ 
tion  fence  results  in  a  nearly  constant  base  pressure  for  the  Mach  numbers  of  1.5,  2. 0,  and  2.5. 

The  high  pressure  coefficients  which  occur  at  angles  of  attack  can  be  explained  by  the  theory  of 
Ostwatitsch  in  Reference  21  which  is  applied  to  supersonic  diffusers  where  the  pressure  recovery 
is  greater  through  a  series  of  oblique  shock  waves  than  through  a  single  normal  shock  wave.  This 
phenomena  was  also  observed  for  spiked  hemispheres  in  Reference  22. 

The  press\ire  coefficient  distributions  are  not  presented  for  various  angles  of  attack  at 
Mach  1.5,  for  shock  waves  were  reflected  off  the  tunnel  walls  onto  the  sphere  at  this  low  Mach 
number.  The  pressure  distribution  for  angles  of  attack  of  2  degrees  and  5  degrees  were  not 
obtained. 
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c.  Spheres  in  the  Wake  of  Various  Bodies.  The  total  drag  of  the  various  primary  and  secondary 
spherical  bodies,  test  configuration  3,  was  measured.  The  drag  of  the  .secondary,  spherical  body  is 
of  more  interest  than  the  total  drag,  and  is  presented  in  coefficient  form  in  Figure  87.  The  drag 
coefficients  for  three  of  the  four  primary  bodies  were  known  and  it  was  only  a  matter  of  subtracting 
the  drag  of  the  primary  body  from  the  total  measured  drag  in  order  to  obtain  the  drag  of  the 
secondary,  spherical  body.  The  drag  coefficients  which  were  used  for  the  primary  bodies  based 
on  their  own  reference  area  were: 


UNSYMMETRICAL  SYMMETRICAL 


M 

DISC  Cd 

SPHERE  Cd 

CAPSULE  Cd 

CAPSULE  Cd 

1.5 

1,6.1. 

1.01 

1.065 

Unknown 

2.0 

1.63 

0.96 

1.085 

Unknown 

2.  5 

1.65 

0.94 

1.050 

Unknown 

The  reference  areas  of  the  various  primary  bodies  were: 

Disc  6.2  In.  ^ 

Sphere  6.2  In. ^ 

Unsymmetrical  Capsule  6.  05  In.  2 


The  preceding  drag  coefficients  (when  based  on  the  reference  area  of  the  8-inch  dia¬ 
meter  sphere)  reduced  to: 


M 

pisc  Cd 

SPHERE  Cd 

UNSYMMETRICAL 
CAPSULE  Cd 

1.5 

0. 199 

0.129 

0.1287 

2.0 

0.201 

0.131 

0.1311 

2.5 

0.204 

0.127 

0.1267 

The  total  drag  coefficient  of  the  primary  body  and  secondary  body  is  shov/n  in  Figure  88. 

The  pressure  coefficient  distributions  on  the  secondary,  spherical  body  are  presented 
in  Figures  89  through  98  for  the  various  body  combinations.  The  influence  of  the  variable  length 
actuator  rod,  which  simulated  a  riser  line,  on  these  distributions  is  not  known.  It  should  be  noted 
that  at  Mach  2.  5  and  with  Lr/D  =  1. 25,  negative  coefficients  occur  on  the  forward  part  of  the 
sphere  Negative  pressure  coefficients  were  also  observed  in  Reference  23  on  the  flat  face  of  a 
cylinder  in  the  wake  of  cones.  In  Figures  89  through  98  there  occasionally  occurs  a  large  dif¬ 
ference  between  the  two  plotted  data  points  at  a  given  peripheral  location.  This  was  due  to  tunnel 
fW  inclinations  that  resulted  in  small  angles  of  attack.  The  pressure  distribution  along  the 
side  of  the  sphere  should  be  the  same  as  along  the  bottom  of  the  sphere  when  the  symmetrical 
primary  bodies  are  employed  for  zero  angle  of  attack. 

The  pressure  coefficient  distributions  for  the  fabric -covered  sphere  in  the  wake  of  the 
unsymmetrical  man  capsule  at  Lr/D  =  0  and  M  =  1. 5  are  not  presented,  for  shock  waves 
were  reflected  off  the  tunnel  walls  onto  the  sphere  at  this  low  Mach  number.  Also,  the  validity 
of  the  data  at  Mach  1.  5  where  the  primary  body  was  at  Lr/D  =  3.0  ahead  of  the  secondary, 
spherical  body  is  questionable;  for,  from  Schlieren  analysis,  the  bow  shock  wave  from  the  pri¬ 
mary  body  was  reflected  off  the  wind  tunnel  floor  and  intersected  with  the  bow  shock  from  the 
secondary,  spherical  body. 

d.  Inflated  Sphere.  The  drag  coefficients  of  the  inflated  sphere,  test  model  configuration  4,  are 
shown  in  Figure  99  for  different  inflation  pressures.  A  drag  coefficient  curve  for  the  solid,  fabric - 
covered  sphere,  test  model  configuration  1,  is  also  presented  for  comparison.  It  should  be  noted  that 
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Figure  72.  Drag  Coefficient  versus  Mach 
Number  for  a  Fabric-Covered  Sphere 


Figure  73.  Pressure  Coefficient  Distribution  on 
the  Fabric -Covered  Sphere 
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Figure  74.  Drag  Coefficient  versus  Mach 
Number  of  Spiked  Spheres 


Figure  75.  Drag  Coefficient  versus  Mach 
Number  of  a  Spiked  Sphere 
at  Angles  of  Attack 
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Figure  76.  Drag  Coefficient  versus  Spike 
Parameter  of  Spiked  Spheres 


Figure  77.  Pressure  Coefficient  Distribution 
on  the  Spiked  Fabric -Covered  Spheres, 
Lp/D  =  1.0.0=  0° 
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Figure  78.  Pressure  Coefficient  Distribution 
in  a  Pitch  Plane  on  the  Spiked  Fabric- 
Covered  Sphere  for  Various  Angles  of 
Attack,  Lp/D  =  1.0,  M  =  2.00 


Figure  79.  Pressure  Coefficient  Distribution 
in  a  Pitch  Plane  on  the  Spiked  Fabric- 
Covered  Sphere  for  Various  Angles  of 
Attack,  Lp/D  =1.0,  M  =  2.50 
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SYM  ANCLK  OF  ATTACK] 


SYM  ANCLE  OF  ATTACI 
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9  -  DEGREES 

Figure  80.  Pressure  Coefficient  Distribution  in 
a  Yaw  Plane  on  the  Spiked  Fabric -Covered 
Sphere  for  Various  Angles  of  Attack, 

Lr/D  =1.0,  M  :  2.00 

Figure  81.  Pressure  Coefficient  Distribution  in 
a  Yaw  Plane  on  the  Spiked  Fabric -Covered 
Sphere  for  Various  Angles  of  Attack, 

Lr/D  =  1.0,  M  =  2.50 
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Figure  82.  Pressure  Coefficient  Distribution  on 
the  Spiked  Fabric-Covered  Sphere, 

Lr/D  =3.0,  a  .  0° 
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Figure  83.  Pressure  Coefficient  Distribution  in 
a  Pitch  Plane  on  the  Spiked  Fabric -Covered 
Sphere  for  Various  Angles  of  Attack, 

Lr/D  =  3.0,  M  =  2,00 
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Figure  84.  Pressure  Coefficient  Distribution  in 
a  Yaw  Plane  on  the  Spiked  Fabric -Covered 
Sphere  for  Various  Angles  of  Attack, 

Lr/D  =  3.0,  M  =  2.00 


Figure  85.  Pressure  Coefficient  Distribution  in 
a  Pitch  Plane  on  the  Spiked  Fabric -Covered 
Sphere  for  Various  Angles  of  Attack, 

Lr/D  »  3.0,  M  =  2.50 
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Figure  86.  Pressure  Coefficient  Distribution  in  Figure  87.  Drag  Coefficient  versus  Mach 

a  Yaw  Plane  on  the  Spiked  Fabric -Covered  Number  of  Spherical  Secondary 

Sphere  for  Various  Angles  of  Attack,  Drag  Body 

Lr/D  =  3.0,  M  =  2.50 
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Figure  92.  Pressure  Coefficient  Distribution  in 
the  Pitch  Plane  on^the  Fabric -Covered  Sphere  in 
the  Wake  of  the  Unsyminetrical  Man  Capsule  at 
Various  Angles  of  Attack,  Lj^/D  =  0,  M  =  2.  00 


Figure  94.  Pressure  Coefficient  Distribution  in 
the  Pitch  Plane  on  the  Fabric-CoveredSpherein 
the  Wake  of  the  Unsymmetrical  Man  Capsule  at 
Various  Angles  of  Attack,  Lr/D  =  0,  M  =  2.  50 


e  -  DECREES  (SroE) 

Figure  93.  Pressure  Coefficient  Distribution  in 
the  Yaw  Plane  on  the  Fabric -Covered  Sphere  in 
the  WakD  of  the  Unsymmetrical  Man  Capsule  at 
Various  Angles  of  Attack,  Lr/D  =  C,  M  =  2.00 


Figure  95.  Pressui  e  Coefficient  Distribution  in 
the  Yaw  Plane  on  the  Fabric-Covered  Sphere  in 
the  Wake  of  the  Unsymmetrical  Man  Capsule  at 
Various  Angles  of  Attack,  Lr/D  =0,  M  =  2.50 
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INFLATION  PR£SSL’RE  593.  8  psf 
TUNNTL  TOTAL  PRESSURE  506  psf 


9  -  DECREES 


Figure  101.  Pressure  Coefficient  Distribution 
on  the  Inflated  Fabric  Sphere.  M  =  2.00 
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Figure  104.  Pressure  Coefficient  Distri-  Figure  105.  Pressure  Coefficient  Dis-  Figuie  106.  Pressure  Coefficient  Distiibutio 
button  on  the  Inflated  Fabric  Sphere  in  tribution  on  the  Inflated  Fabric  Sphere  on  .a  Inflated  Fabric  Sphere  in  the  Wake  of 

the  Wake  of  the  Symmetrical  Man  in  the  Wake  of  the  Symmetrical  Man  the  Symmetrical  Man  Capsule, 

Capsule,  Ljj/D  =  1. 25,  M  =  1.  50  Capsule,  Lj/D  =  1.  25,  M  =  2. 00  Lr/D  =  1.  25,  M  =  2. 50 


the  solid,  fabric  covered  sphere  did  not  have  a  separation  fence.  The  drag  coefficients  of  the  inflated 
sphere,  which  in  some  cases  was  deformed  to  a  pear  shape,  are  higher  than  for  the  solid  sphere.  The 
inflation  pressures  for  the  inflated  sphere  are  believed  to  be  unreliable  due  to  instrument  error. 

The  pressure  coefficient  distributions  for  the  inflated  sphere  at  different  inflation  pressures 
are  shov.m  in  Figxires  100,  101,  and  102.  The  distributions  for  the  solid,  fabric-covered  sphere  are 
also  presented  for  comparison.  The  erratic  test  points  at  0  =  10,  105,  110,  and  160  degrees  are  be¬ 
lieved  to  be  in  error. 

e.  Inflated  Sphere  in  the  Wake  of  a  Symmetrical  Capsule.  The  total  drag  coefficients  of  the  sym¬ 
metrical  man  capsule  and  the  inflated  sphere,  test  model  configuration  5,  are  shown  in  Figure  103. 

The  inflation  pressures  tor  the  inflated  sphere  are  believed  to  be  unrelialjle.  A  drag  coefficient  curve 
for  the  configuration  that  employed  the  solid,  fabric -covered  sphere  is  presented  for  comparison.  As 
mentioned  previously,  the  drag  increment  of  the  secondary,  spherical  body  could  not  be  determined 
because  the  drag  coefficient  of  the  primary  body  was  not  known. 

The  pressi.ire  distributions  on  the  inflated  spherical,  secondary  body  are  presented  in  Fig¬ 
ures  104,  105,  and  106. 

f.  Tethered  Sphere  Behinij^the  Unsymmetrical  Capsule.  The  inflated  spnoi’  wh:,.,:i  was  attached 
to  a  variable  lengti  cable  behind  the  unsvmmetrical  capsule,  test  model  configuration  6,  was  tested 
at  different  distances  behind  the  capsule  for  dynamic  stability  behavior.  At  a  Mach  nuniier  of  1. 6 
and  a  dynamic  pressiij-.i  of  approximately  220  psf,  the  model  behaved  with  a  5  degree  oscillation  in 
pitch  of  3  to  6  cps  and  roiling  greater  than  360  degrees  when  the  riser  line  between  the  capsule  and 
the  model  was  less  than  one  model  diameter  (8  inches).  With  greater  riser  line  lengths  the  model 
exhibited  excellent  stability  characteristics  with  no  oscillatory  motion  in  pitch,  and  only  an  approxi¬ 
mate  ±10-degree  rull.  The  variation  of  internal  pressure  allowed  the  model  to  deform  from  a  spher¬ 
ical  shape  to  a  pear  shape.  The  pear  shaped  model  exhibited  a  slight  but  insignificant  decrease  in 
the  degree  of  pitch  stability.  The  internal  model  pressure  was  greater  than  the  test  section  total 
pressure  by  0.25,  0. 15,  and  0. 10  psi.  A  48  frames-per -second  movie  was  used  to  record  the  degree 
of  stability  and  deformation  when  the  model  was  19  to  21  inches  behind  the  capsule. 

As  a  further  investigation  into  the  stability  of  a  tethered  sphere  beyond  the  formal  scope  of 
this  program,  a  solid  6.75  inch  diameter  plastic  sphere  was  suspended  behind  the  escape  capsule  of 
the  "Ivlsrc;\ry  Project.  "  A  separation  fence  was  placed  on  the  plastic  sphere  at  0  =  105  degrees.  The 
frontal  area  of  capsule  to  sphere  wa'^  approximately  1.2.  The  stability  of  the  sphere  at  Mach  1. 67 
and  1. 97  was  excellent  when  tethered  i  to  24  inches  behind  the  capsule,  A  slight  instability  in  pitch 
occurred  when  the  sphere  was  tethered  less  than  7  inches  behind  the  capsule. 

A  six-sided  airmat  cone  with  a  hollow  base  and  a  riser  line  attached  to  the  conical  apex  was 
also  tested  at  Mach  1.57.  Although  the  pitch  stability  was  excellent,  the  cone  rolled  rapidly  at  about 
1  to  2  rps.  Preliminary  testing  for  a  supplementary  wind  tunnel  program  at  the  NASA  Lewis  Re¬ 
search  Center  revealed  that  a  solid  tethered  sphere  at  Mach  3. 85  exhibited  excellent  stability  char¬ 
acteristics, 

g.  Schlieren  Photographs.  The  large  vertical  bars  in  the  photographs  are  steel  structural 
members  used  to  support  the  glass  panels  of  the  test  section. 

Schlierens  of  the  fabric -covered  sphere  without  the  separation  fence  are  presented  in  Fig¬ 
ures  107, 108,  and  109.  At  Mach  1. 5  tiie  flow  separation  occurs  between  85  and  90  degrees  from  the 
forward  stagnation  point,  and  the  turbulent  wake  did  not  converge.  At  Mach  2. 0  the  flow  separates  at 
approximately  100  degrees  from  the  forward  stagnation  point,  and  the  turbulent  wake  converges  with 
a  visible  trailing  shock  wave.  At  Mach  2. 5  the  flow  separates  at  approximately  100  degrees  from  the 
forward  stagnation  point,  and  the  turbulent  wake  converges,  but  interference  of  the  support  sting  does 
not  allow  the  formation  of  a  trailing  shock  wave.  Pressure  coefficient  distributions  for  this  configura¬ 
tion  are  shown  in  Figure  73 . 

Schlierens  of  the  spiked,  fabric -covered  sphere  witli  separation  fence  are  shown  in  Figures 
110  through  115.  The  tip  of  the  spike  (Lr/D  •  1.0)  and  the  separation  fence  at  0  =  105  degrees  are  ^ 

not  visible  in  Figures  110,  111,  and  112  because  of  the  vertical  structural  members  which  appear  as  > 

large  black  vertical  bars  in  the  photographs.  Flow  separation  occurs  off  the  flat  face  of  the  spike 
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Figure  107.  Fabric -Covered  Figure  108.  Fabric -Covered  Figure  109.  Fabric-Covered 

Sphere,  M  =  1.  50  Sphere,  M  =  2.00  Sphere,  M=2.50 


resulting  in  a  turbulent  conical  wake.  The  pressure  coefficient  distributions  for  this  configuration 
are  shown  at  the  bottom  of  Figure  77. 

In  Figures  1.13, 114,  and  115  the  tip  of  the  spike  (Lr/D  »  3. 0)  is  forward  of  the  visible  part 
of  the  test  section,  and  the  separation  fence  is  again  obscured  by  the  vertical  structural  members. 
Flow  separation  occurs  along  the  spike  approximately  one  sphere  diameter  ahead  of  the  sphere.  The 
flow  separation  off  the  spike  is  well  defined  at  Mach  1.  5  and  2.  0,  but  at  Mach  2.  5,  the  undefined  na- 
txire  of  the  separation  shock  wave  leads  to  the  possible  conclusion  that  oscillatory  separation  occurred 
along  the  spike  where  the  point  of  flow  separation  oscillated  back  and  forth  along  the  spike.  This  phe¬ 
nomena  is  reported  in  References  19  and  20.  Reference  18  presents  an  excellent  study  at  Mach  1.61 
and  1.  81  of  the  flow  phenortl'ena  associated  with  spiked  cylindrical  bodies  at  various  angles  of  attack. 
The  pressure  coefficient  distributions  for  this  configuration  are  shown  at  the  bottom  of  Figure  82. 

The  influence  of  the  symmetrical  primary  bodies  on  the  secondary,  spherical  body  can  be 
generalized.  Schlierens  of  the  fabric-covered  sphere  in  the  wake  of  the  four  primary  bodies  are 
shown  at  Mach  1.5  in  Figures  116  through  119,  at  Mach  2.0  in  Figures  120  through  123,  and  at  Mach 
2.  5  in  Figures  124  through  127.  Li  all  cases  except  the  unsymmetrical  man  capsule,  the  wake  of  the 
primary  bodies,  as  influenced  by  the  secondary,  spherical  body,  is  turbulent  and  divergent  for 
Lr/D  =  1.25.  This  wake  phenomena  has  also  been  reported  in  References  23  and  24  where  cones 
were  used  as  the  primary  body. 

The  Schlierens  for  the  primary  bodies  at  three  sphere  diameters  ahead  of  the  secondary, 
spherical  body  are  not  presented  in  this  report.  These  Schlierens  revealed  that  the  secondary, 
spherical  body  had  no  influence  on  the  wake  of  the  four  primary  bodies.  Complete  flow  recovery  with 
a  convergent  wake  occurred  behind  the  four  primary  bodies  at  Mach  1.  5,  2.  0,  and  2.  5.  Flow  separa¬ 
tion  occurred  off  the  variable  length  actuator  rod  approximately  one  sphere  diameter  ahead  of  the 
sphere.  This  flow  recovery  phenomena  is  also  evident  in  References  23  and  24.  An  analysis  of  Ref¬ 
erence  23  is  presented  in  Figure  128  where  the  cones  were  moved  back  and  forth  during  the  test  for 
Mach  1.5,  1.6,  and  1.8.  Although  the  flow  analysis  is  for  cones  as  the  primary  body  and  a  flat  faced 
cylinder  as  the  secondary  body,  the  analysis  proves  to  be  consistent  with  the  results  reported  herein 
and  in  Reference  24  where  a  cylinder  with  a  hemisphere -ogive  nose  was  employed  as  a  secondary  body 
in  the  wake  of  cones.  From  Figure  128,  for  a  given  frontal  area  ratio,  the  wake  of  the  cones  was  tur¬ 
bulent  and  divergent  as  the  distance  between  the  primary  and  secondary  bodies  increases  from  zero  to 
the  top  of  the  flow  transition  region  as  defined  by  the  free  stream  Mach  number.  As  the  distance  be¬ 
tween  the  primary  and  secondary  bodies  was  increased  beyond  the  flow  transition  region,  the  wake  of 
the  primary  body  converged  and  flow  separation  occurred  along  the  support  bar  which  simulates  a 
riser  line.  When  a  flow  condition  is  established  where  the  wake  of  the  primary  body  is  convergent, 
the  distance  between  the  two  bodies  is  decreased,  and  ^he  wake  of  the  primary  body  does  not  become 
divergent  until  the  bottom  of  the  flow  transition  region  is  reached.  The  drag  of  the  secondary,  cy¬ 
lindrical  body  was  relatively  greater  when  the  distance  between  the  two  bodies  allowed  a  primary 
body  wake  convergence.  The  divergent  primary  body  wake  resulted  in  a  relatively  small  secondary 
body  drag. 
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Figure  116.  Fabric -Covered 
Sphere  with  Separation 
Fence  in  the  Wake  of 
a  Disc,  Ln/D  =  1.25, 


Figure  11.'.  Fabric-Covered 
Sphere  with  Separation 
Fence  in  the  Wake  of 
a  Sphere, 

Lr/D  :  1.25,  M  =  1.50 
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Figure  118.  Fabric -Covered 
Sphere  with  Separation 
Fence  in  the  W'ake  of 
a  Symmetrical  Man 
Capsule, 

Lr/D  =  1.25,  M  =  1.50 


Figure  119.  Fabric -Covered 
Sphere  with  Separation 
Fence  in  the  Wake  of 
an  Unsymmetrical 
Man  Capsule, 

Lr/D  :  1.25,  M  =  1.50 


WADD  TR  60-182 


96 


Figure  120.  Fabric-Covered 
Sphere  with  Separation 
Fence  in  the  Wake  of 
a  Disc, 

Lr/D  =  1.25,  M  =  2.00 


Figure  121.  Fabric-Covered 
Sphere  with  Separation 
Fence  in  the  Wake  of 
a  Sphere, 

Lr/D  =  1.25,  M  =  2.00 


Figure  122.  Fabric-Covered 
Sphere  with  Separation 
Fence  in  the  Wake  of 
a  Symmetrical  Man 
Capsule, 

Lr/D  =  1.25,  M  -  2.00 


Figure  123.  Fabric -Covered 
Sphere  with  Separation 
Fence  in  the  Wake  of 
an  Unsymmetrical 
Man  Capsule, 

Lr/D  =  1.25,  M  =  2.00 
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•  Figure  124.  ‘Fabric-Covered 
Sphere’ with  Separation 
Fence  in  the  Wake  of 
a  Disc, 

Lpi/D  =  1.  25,  M  =  2.  50 


Figure  126.  Fabric-Covered 
Sphere  with  Separation 
Fence  in  the  Wake  of 
a  Symmetrical  Man 
Capsule, 

Lr/D  =1.25  M  =  2.50 


Figure  125.  Fabric-Covered 
Sphere  with  Separation 
Fence  in  the  Wake  of 
a  Sphere, 

Lr/D=1.25,  M  =  2.50 


Figure  127.  Fabric- Covered 
Sphere  with  Separation 
Fence  in  the  Wake  of 
an  Unsymmetrical 
Man  Capsule, 

Lj^/D  =  1.25,  M  =  2.50 
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NOTES  (NEF  23  DATA) 

1.  FOR  A  GIVEN  AREA  RATIO  -  WITH 
INCREASING  Lr/D  FLOW.  TRANSITION 
OCCURS  AT  TOP  OF  REGION  -  WITH  , 
DECREASING  Lr/D  FLOW,  TRANSITION 
OCCURS  AT  BOTTOM  OF  REGION 

2.  CONE  LENGTH  NOT  CHANGED 

3.  R  S:'  7.  5  .X  lO^/lNCH 


5 


4 


3 

2 


1 


0 


FLOW  CHARACTER  ABOVE  TRANSITION  REGION 


0  0.1  0.2  0.3  0,4  0.5 

CONE  FRONTAL  AREA  TO  CYLINDER  FRONTAL  AREA  RATIO 


Figure  128.  Regic^s  of  Flow  Transition  Between  Cones  and  Flat-Faced  Cylinders 
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As  pointed  out  in  Reference  24,  the  cone  frontal  area  is  more  significant  in  the  reduction  of 
the  secondary  body  drag  than  the  cone  apex  angle.  The  drag  and  flow  phenomena  results  of  the 
investigation  herein  reported  are  consistent  with  the  analysis  of  References  23  and  24  presented  in 
Figure  128.  The  results  of  the  data  reported  herein  for  Mach  1.5,  2.  0,  and  2.  5  are  also  shown  in 
Figure  128  for  comparison.  The  frontal  area  ratios  (Ap/An)  for  the  various  primary  bodies  were: 


Primary  Body 

Ap/AB 

Disc 

0. 123 

Sphere 

0. 123 

Symmetrical  Man  Capsule 

0. 177 

Unsymmetrical  Man  Capsule 

0. 135 

A  Schlieren  of  the  inflated  sphere  in  the  wake  of  the  symmetrical  man  capsule  at  Mach  2. 5 
is  presented  in  Figure  129  along  with  a  standard  photograph  in  Figure  130  to  show  the  deformation 
of  the  inflated  sphere  at  Mach  2.  5.  High-speed  Schlieren  movies  were  taken  of  the  tethered  plastic 
sphere  at  Mach  numbers  to  approximately  2. 0,  At  all  Mach  numbers  the  flow  separated  erff  the 
riser  line  approximately  one  sphere  diameter  ahead  of  the  tethered  sphere. 

7.  CONCLUSIONS 

Excellent  pitch  and  roll  stability  characteristics  over  a  Mach  number  range  of  1.  5  to  3.  85 
have  been  exhibited  by  rigid  spheres  and/or  inflatable  spheres  which  were  tethered  at  riser  line 
lengths  greater  than  one  sphere  diameter.  Riser  line  lengths  of  less  than  one  diameter  resulted  in 
moderate  pitch  and  roll  instability  at  Mach  1.  6.  Inflatable  spheres  which  were  deformed  to  a  pear 
shape  because  of  low  inflation  pressure  exhibited  a  slight  but  insignificant  pitch  instability  at  Mach 
1.  6. 


The  drag  coefficient  of  a  sphere  in  the  wake  of  various  primary  bodies  is  significantly 
reduced  by  an  amount  which  is  a  function  of  the  primary  body  to  sphere  frontal  area  ratio,  the 
distance  between  the  primary  body  and  the  ^here,  and  the  Mach  number.  There  exists  an  optimum 
riser  line  length  where  the  greatest  drag  is  realized  from  the  sphere  in  the  wake  of  various  primary 
bodies.  This  optimum  riser  line  length  is  a  function  of  the  Mach  number  and  the  primary  body  to 
sphere  frontal  area  ratio.  The  drag  coefficient  of  an  inflated  sphere  was  higher  than  that  of  a  solid 
sphere.  The  drag  and  stability  characteristics  of  inflatable  and  solid  spheres  are  comparable  even 
when  the  sphere  is  slightly  deformed  because  of  low  inflation  pressure. 

The  pressure  distribution  on  a  sphere  in  the  wake  of  various  primary  bodies  is  similar 
to  the  pressure  distribution  which  occurs  on  a  spiked  sphere.  Negative  and  positive  pressure 
coefficients  were  observed  on  the  front  of  a  sphere  which  was  in  the  wake  of  various  bodies. 
Pressure  coefficients  on  spiked  spheres  at  angles  of  attack  were  observed  to  be  greater  than  on  a 
sphere  with  no  spike. 

The  separation  fence  had  no  effect  on  the  degree  of  pitch  or  roll  stability  of  a  tethered 
sphere  at  Mach  1.  5  to  2.  0.  The  addition  of  a  separation  fence  on  a  spiked  sphere  resulted  in  a  drag 
decrease  at  Mach  1. 5  and  a  drag  increase  at  Mach  2.5. 

The  wake  of  the  primary  body,  as  influenced  by  the  secondary  body,  is  characterized  by 
three  types  of  wake  flow.  The  wake  flow  phenomena  is  dependent  upon  the  distance  between  the  two 
bodies,  the  frontal  area  ratio,  and  the  Mach  number.  For  relatively  short  distances  between  the 
two  bodies  the  wake  of  the  primary  body  is  turbulent  and  divergent.  For  relatively  large  distance 
between  the  two  bodies  the  wake  of  the  primary  body  is  convergent  and  a  laminar  wake  flow  exists. 

At  intermediate  distances  between  the  two  bodies  the  wake  of  the  primary  body  will  either  diverge 
or  converge.  When  the  primary  body  wake  converges  so  that  a  laminar  wake  flow  exists,  flow 
separation  occurred  off  the  riser  line  of  the  tethered  spheres  leaving  a  conical  wake  similar  to 
that  which  was  observed  for  a  spiked  sphere. 

B.  NASA  LANGLEY  RESEARCH  CENTER  TESTS  (THERMODYNAlvnC) 

1.  General 

The  objective  of  this  analysis  was  to  determine  the  thermal  effects  upon  a  sphere  in  the 
wake  of  various  bodies  in  supersonic  flow;  effects  applicable  to  the  aerodynamic  feasibility  study  of 
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Figiire  129.  Spark  Schlieren  of  the 
Inflated  Sphere  in  the  Wake  of  the 
Symmetrical  Man  Capsule, 
Lr/D  =  1.25,  M  =  2.  5 


Figure  130.  Wide  Angle  Photograph  of  the 
Inflated  Sphere  in  the  Wake  of  the 
Symmetrical  Man  Capsule, 

Lr/D  =  1.25,  M  =  2.5 
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using  spheres  as  stabilizing  and  drag  devices. 

The  solid  sphere,  instrumented  for  obtaining  heat  transfer  data,  simulates  a  thin-shell 
model  wherein  the  local  temperature  measurements  assume  values  that  would  be  obtained  when  the 
local  value  of  the  heat  flux  =  0-  Those  are  identified  as  "recovery  temperatures."  The  aero¬ 
dynamic  heating  rate,  neglecting  longitudinal  heat  conduction,  is: 

^w  =  AT^  +  ar(T^4  . 


The  tests  were  conducted  over  relatively  long  periods  of  time  at  steady  stagnation 
conditions,  and,  as  a  result,  the  storage  term  in  the  equation  is  negligible.  Computation  of  the 
radiation  term  shows  negligible  values  due  to  the  relatively  small  values  of  T^  and  T^ef-  This 
analysis  thus  indicates  ^  ^  presented  in  Figures  131  through  153  represents  a 

measure  of  the  recovery  temperature  distributions  on  the  test  models. 

Inasmuch  as  these  models  ’.vere  instrumented  for  measurements  of  the  recovery  tempera¬ 
tures  rather  than  the  aerodynamic  heat  transfer  rates,  a  discussion  of  the  apparent  trends  is 
presented  on  the  temperature  recovery  distribution,  transition,  and  the  effects  on  the  ■hermal 
characteristics  of  a  sphere  in  the  wake  of  various  bodies.  For  purposes  of  this  report,  this 
discussion  will  include  only  the  symmetrical  bodies. 

The  theoretical  lo^al  non-dimensional  heat  transfer  parameter,  the  Nusselt  number,  is 
presented  as  a  function  of  local  Reynolds  number  in  Figure  154  for  a  sphere  in  the  wake  of  a 
spherical  body,  and  for  a  clean,  rigid  sphere  at  similar  free  stream  conditions. 

2.  Discussion  of  Results 

The  ratio  of  the  model  recovery  temperatures  to  tunnel  total  temperatures  is  presented  as 
a  function  of  angular  distance  from  the  theoretical  stagnation  point.  Figure  131  shows  thatboundary 
layer  separation  appears  to  occur  on  the  clean,  rigid  sphere  from  0  =  75  to  100  degrees,  occurring 
more  forward  at  the  higher  Reynolds  numbers.  This  is  evidenced  by  the  slightly  increasing  values 
of  Tg/TQ  in  the  vicinity  of  these  points.  Reference  25  reports  similar  results  in  tests  conducted  at 
higher  Reynolds  numbers. 

The  point  of  ma.ximum  flux  in  the  clean  sphere  is  the  stagnation  point  where  the  maxi¬ 
mum  temperature  exists.  As  the  flow  accelerates  around  the  body,  the  boundary  layer  may 
undergo  transition  from  laminar  to  fully  turbulent  flow.  The  leading  half  of  the  sphere  did  not 
undergo  boundary  layer  transition,  shown  by  the  steadily  decreasing  recovery  temperature  in 
Figure  131. 


Attachment  of  spikes  on  blunt  bodies  has  long  been  considered  as  a  method  of  reducing 
body  drag.  The  effects  of  spikes  upon  the  thermal  characteristics  of  these  bodies  are  presented  in 
References  26  and  27.  Inasmuch  as  spiked  bodies  are  of  interest  solely  from  a  comparative  aspect, 
they  will  not  be  the  subject  of  lengthy  discussion  in  this  report. 

In  the  study  of  spheres  in  the  wake  of  various  bodies,  the  spherical  primary  body  con¬ 
figuration  as  shown  in  Figure  132  was  considered  for  these  studies  as  typical  of  all  the  symmetrical 
configurations.  Examination  of  the  pressure  and  temperature  data  does  not  reveal  any  significant 
differences  in  these  data  for  the  same  Lr/D. 

Figijre  132  indicates  separation  of  the  boundary  layer  as  occurring  in  a  fashion  directly 
opposite  to  the  case  for  the  clean,  rigid  sphere,  that  is,  separation  occurring  more  forward  on  the 
secondary  body  at  the  lower  Reynolds  numbers.  The  significance  of  this  phenomena  is  not  known. 

The  maximum  recovery  ten^erature  occurs  at  0  =  40  degrees  for  the  riser  length  ratio  Lr/D  =  3, 
and  at  0  =  50  degrees  for  Lr/D  =  1. 25.  The  pressure  coefficient  distribution  data  generally  peaks 
at  these  same  points. 

Figure  155  shows  the  average  recovery  temperature  ratios  To/Tq  at  the  leading  lalt  of  the 
various  configurations,  plotted  as  a  function  of  free  stream  Reynolds  number.  It  is  noted  ttiat  tlie 
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Figure  133.  Temperature  Recovery  Distribution  on  a  Sphere  with  a  Fence  and  Disc 
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9  -  DEGREES 


Figure  134.  Temperature  Recovery  Distribution  on  a  Sphere  with  Fence  and  Symmetrical  Capsule 
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Figure  139.  Temperatuj^  Recovery  Distri¬ 
bution,  M  =  1. 5,  R  =  6. 66  X  105 
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Figure  140.  Temperature  Recovery  Distri 
button,  M  =  2. 0,  R  =  5. 4  x  105 


Figure  147. 


Temperature  Recovery  Distribution,  M  =  2.  5,  Tq  = 


610°R,  Lr/D 
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Figure  151.  Temperature  Recovery  Distri 
M  =  1.5,  Lr/D  “  1,  Rn  =  106 


average  Tq/Tq  is  somewhat  lower  for  the  spheres  in  the  wake  of  primary  bodies  than  that  for  the 
clean  sphere  model. 

X 

Tlie  theoretical  local  heat  transfer  parameter,  the  Nusselt  number,  is  presented  as  a 
function  of  local  Reynolds  number  in  Figure  154  for  the  sphere  in  the  wake  of  a  spherical  body,  at 
Lr/D  =  3  and  Lr/D  =  1.  25,  and  for  a  clean  sphere  in  similar  free  stream  conditions.  The  data 
presented  represents  calcuLatcd  values  based  upon  the  local  pressure  data  taken  during  the  tests. 

The  reference  used  in  these  calcuLations  is  0=  90  degrees  where  the  pressure  coefficients  from 
Figures  80  and  99  show  similar  values  for  the  two  different  configurations  at  similar  free  stream 
Reynolds  number.  Isentropic  conditions  were  assumed  to  exist  in  the  vicinity  of  the  sphere,  there¬ 
by  permitting  calculation  of  the  local  properties. 

Laminai'  flow  correlations  were  utilized  in  calculation  of  the  Nusselt  number  for  the  clean 
sphere.  An  e.xamination  of  the  Sclilieren  photographs  indicates  turbulence  in  the  flow  existing  on 
the  leading  half  of  the  siohere  in  the  \vake  of  a  spherical  body.  The  results  as  presented  in  Figure 
154  are  based  upon  turbulent  flow  theory. 

The  theoretical  local  heat  transfer  coefficients  were  calculated  and  are  plotted  as  a  function 
of  local  Reynolds  number  in  Figure  156.  These  data  show  a  definite  increase  in  the  theoretical  heat 
ti-ansfer  coefficient  for  the  sphere  in  the  wake  of  a  sphere  configuration,  over  that  for  tlie  clean 
^here. 


Tlie  conclusions  herein  have  been  verified  in  part  in  Reference  26.  Reference  27,  however, 
notes  a  decrease  in  the  heat  transfer  coefficient  under  some  conditions  of  laminar  flow  in  the  sepa¬ 
rated  region. 

Additional  testing  including  heat  transfer  rate  and  time  parameters  would  be  desirable  for 
definite  determination  of  the  flow  conditions  from  a  thermal  standpoint.  This  experimental  data  is 
required  for  support  of  the  theoretical  results  presented  in  this  report. 

C.  NASA  LEWIS  RESEARCH  CENTER  TESTS 

1.  General 

The  purpose  of  the  NASA  Lewis  wind  tunnel  tests  was  to  study  (at  supersonic  ranges)  the 
inflation,  deployment,  and  stability  characteristics  of  a  25-percent  (26. 1  inch  diameter)  scale 
model  and  to  study  the  stability  characteristics  of  a  7.  5  percent  (7.  9  inch  diameter)  scale  model. 
Prior  to  these  tests  NASA  wind  tunnel  personnel  advised  Goodyear  Aircraft  Corporation  that  the 
Mach  number  and  pressure  would  be  difficult  to  define  due  to  the  extremely  low  density  test 
conditions.  Subsequent  to  these  tests  it  was  determined  that  the  method  used  to  obtain  drag  data 
could  not  be  established  as  a  reliable  method.  Therefore,  the  aerodynamic  data  presented  will  be 
referred  to  as  "indicated"  data. 

2.  Discussion 

In  January  1960,  two  series  of  wind  tunnel  tests  were  conducted,  using  dynamic  drag 
models  depicted  in  Figures  157  through  160.  The  capsule  model  was  supported  in  the  tunnel  by  a 
yoke  attached  to  a  ceiling  support  strut.  On  command  the  yoke  allowed  the  capsule  to  pitch  freely 
about  the  capsule' s  center  of  gravity  which  was  placed  (by  means  of  ballast)  at  64  percent  capsule 
length  aft  of  the  capsule  nose.  A  ceiling-to-floor  strut  located  approximately  30  feet  down-stream 
of  the  capsule  support  strut  was  used  to  channel  a  model  restraint  chord  to  the  outside  of  the 
tunnel.  This  restraint  chord  was  pulled  tight  during  tunnel  shutdown  in  order  to  keep  the  model  from 
being  damaged. 

There  were  basically  three  test  configurations: 

(1)  Tethered  25-percent  scale  model  partially  inflated. 

(2)  Tethered  7. 5-percent  scale  model  fully  inflated. 

(3)  Tethered  25-percent  scale  model  fully  inflated. 
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LOCAL  N’USSELT  NUMBER 


LOCAL  REYNOLDS  NUMBER 


Fifjure  154.  Nusselt  Number  versus  Reynolds  Number  for  Clean  and  Spiked  Spheres 


(FREE  STREAM) 


Figure  155. 


Average  Recovery  Temperature  Ratio  versus  Free-Stream  Reynolds  Number 


MACH  NUMBER  =2.0 
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Figure  157.  Wind  Tunnel  Test  Setup  of  25-Percent  Capsule  and  Stowed  Model 


Figure  158.  Deployment  Reel  and  Pressure  Bottle  in  25-Percent  Capsule 
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A  30  cubic  inch,  480  psi  inflation  bottle,  housed  in  the  capsule,  was  used  to  inflate  the  26. 1 
inch  diameter  model.  The  stress  analysis  of  the  25-percent  scale  model  is  presented  in  Reference  28. 

3.  Test  Program 

a.  Test  I  -  Inflation  and  Deployment  of  the  26. 1-lnch  Diameter  Model.  The  25-percent  scale 
model  was  spiral-folded  into  tlic  rear  opening  of  the  capsule  after  a  vacuum  pump  was  used  to  pump 
the  ambient  air  out  of  the  model.  The  deflated  model  was  held  in  place  by  a  lace  of  threads  across 
the  rear  of  the  capsule. 

The  capsule  was  locked  into  a  30-dogree  angle  of  attack  position  by  means  of  a  solenoid 
actuated  pin.  The  restraint  chord  remained  slack  to  prevent  pulling  the  model  out  of  the  capsule. 

The  tunnel  was  started  at  a  Mach  number  of  2.  0  and  a  dynamic  pressure  of  54  psf.  The 
model  restraint  chord  whipped  up  and  down  and  pulled  the  model  out  of  the  capsule.  The  model 
inflation  squib  was  fired  on  command  but  the  model  was  pulled  off  the  inflation  valve  as  it  was  being 
inflated.  Because  the  model  was  under- inflated  it  was  deformed  to  a  pear  shape.  The  separation 
fence  which  ms  15  degrees  aft  of  the  equator  ms  not  inflated.  The  angle  of  attack,  lock  pin 
solenoid  ms  energized  but  did  not  release  the  capsule  from  the  30-degree  angle  of  attack  position 
due  to  the  unscheduled  high  drag  load.  The  model,  approximately  3  inches  from  the  base  of  the 
capsule,  exhibited  excellent  pitch  stability,  but  appeared  to  have  a  high  spin  rate.  The  riser  line 
reel  lock  ms  released  and  the  model  reeled  out  to  a  riser  line  length  of  65  inches.  As  the  model 
ms  reeled  out,  the  resulting  drag  released  the  set  angle  of  attack  of  the  capsule  and  stabilized 
the  capsule  to  a  zero  angle  of  attack  altitude.  At  this  65-inch  riser  line  position  the  model  exliibited 
excellent  pitch  and  yaw  stability  with  no  rolling.  A  high-speed  movie  ms  taken  to  record  the  degree 
of  aerodynamic  stability.  The  df^ag  coefficient  of  the  partially- inflated  model  ms  measured  at  a 
riser  Imc  length  of  65  inches  and  varied  from  0.  743  to  0.  695  due  to  inaccuracies  in  the  strain  gage 
balance  read-out  equipment.  The  Mach  number  ms  not  varied  from  2.  0  because  determination  of 
the  aerodynamic  characteristics  of  a  partially-inflated  model  ms  not  necessary. 

During  tunnel  shutdown  the  restraint  chord  became  tangled  at  the  rear  ceiling- to-floor  strut 
and  could  not  be  pulled  taut.  Consequently,  the  model  ms  violently  pitched  against  the  tunnel  floor 
and  ceiling  during  tunnel  shutdown.  Post- run  inspection  revealed  that  the  model  had  completely 
deflated.  The  meridian  cable  cover  strips  were  torn  back  1/4  to  1/2  inch  by  the  meridian  cables. 

It  ms  later  concluded  that  the  drag  strain  gage  link  ms  damaged  during  tunnel  shutdown  of  this  test. 

b.  Test  n  -  Stability  Study  of  the  7. 5- Percent  Scale  Model.  The  7.  5-percent  model  ms  not 
packed  into  the  capsule.  With  an  internal  pressure  of  approximately  5  to  10  psi,  the  model  ms 
attached  to  the  capsule  with  the  riser  line  length  at  65  inches.  The  capsule  ms  at  zero  angle  of 
attack  for  this  test.  The  restraint  chord  ms  attached  to  the  rear  of  the  model  and  pulled  taut  from 
outside  the  tunnel  so  the  model  ms  held  suspended  65  inches  aft  of  the  capsule  base.  The  tunnel 
was  again  started  at  Mach  2.  0  with  a  dynamic  pressure  of  54  psf.  The  Mach  number  ms  increased 
to  3.  5  where  the  tension  in  the  restraint  chord  ms  released.  A  slight  *  3  degree  pitch  and  yaw 
activity  ms  caused  by  the  whipping  action  of  the  restraint  chord.  No  rolling  ms  observed.  The 
slight  +  3  degree  pitch  and  yaw  activity  ms  observed  and  recorded  on  standard  and  high-speed  movie 
film.  However,  due  to  the  inadequate  photographic  lighting  facilities,  a  satisfactory  film  record  ms 
not  obtained. 

The  following  indicated  test  parameters  were  achieved  for  this  test; 


Mach  Number 

Pressure  Altitude 

Dynamic  Pressure 

3.5 

162, 000  ft 

16. 8  psf 

3.2 

151,  000  ft 

21 . 8  psf 

3.0 

143, 000  ft 

25.  8  psf 

2.5 

123,000  ft 

38.  4  psf 

2.0 

104, 000  ft 

53.  7  psf 

Drag  data  could  not  be  obtained  since  the  strain  gage  link  ms  damaged  diming  Test  I  tunnel 
shutdown. 
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c.  Test  ni  -  Inflation  and  Deployment  of  the  25-Percent  Scale  Model.  The  capsule  was  locked 
into  a  zero  angle  of  attack  position  and  the  unfilled  model  was  spiral-folded  into  the  capsule.  The 
model  was  held  in  place  by  a  lace  of  thread  and  tape  over  the  base  of  the  capsule.  The  restraint 
chord  was  taped  to  the  capsule  yoke  support  providing  a  loop  in  the  chord  to  the  model  attachment 
point.  Wlicn  tlic  restraint  chord  was  pulled  taut  from  outside  the  tunnel  the  model  could  not  be 
deployed.  The  same  procedure  as  for  Tests  I  and  II  was  followed  in  starting  the  tuimel  and  increas¬ 
ing  the  flow  to  Mach  3.  5.  A  50-pound  weight  which  was  attached  to  the  end  of  the  restraint  chord 
outside  tlie  tunnel  \vas  dropped  to  a  predetermined  distance  to  rip  the  chord  free  from  the  yoke 
support.  The  chord  was  pulled  taut  to  take  up  the  slack,  and  the  angle  of  attack  lock  pin  was 
released.  The  inflation  squib  was  fired  and  the  model  began  to  inflate  (approximately  0. 1  second 
for  inflation).  As  the  model  was  Inflated,  the  string  and  tape  lacing  broke,  causing  full  deployment. 
The  model  was  fully  inflated  and  symmetrical.  The  riser  line  reel  lock  was  released  and  the  riser 
line  increased  at  about  one  foot  per  second  from  the  initial  3-inch  length  to  a  65-inch  length.  The 
stability  behavior  in  roll,  pitch,  and  yaw  was  excellent  over  the  range  of  riser  line  lengths.  The 
absence  of  roll,  pitch,  and  yaw  activity  ’Ara.s  observed  and  recorded  on  standard  and  high-speed 
movie  film  at  the  following  indicated  test  parameters: 


MACH 

NUMBER 


PRESSURE  DYNAMIC  PRESSURE 

ALTITUDE  (PSF) 


RISER  LINE 
LENGTH  (INCHES) 


3.5 

162,  000 

3.2 

151,000 

3.0 

143,000 

2.5 

123,  000 

16.8 

3  to  65 

21.8 

65 

25.8 

65 

38.4 

65 

The  second  series  of  tests  conducted  on  January  14-15,  1961  consisted  of  two  runs.  The 
setup  was  the  same  as  that  used  in  Test  in  of  the  first  series.  The  capsule  was  locked  in  a  zero 
angle  of  attack  position.  The  restraint  chord  was  taped  to  the  capsule  yoke  support  to  prevent  the 
chord's  whipping  action  fr^  prematurely  pulling  the  model  from  the  capsule.  During  the  first  run 
after  inflation  and  deployment  the  model  exhibited  excellent  yaw,  pitch,  and  roll  stability  charac¬ 
teristics.  However,  the  model  deflated  due  to  a  faulty  inflation  valve.  Drag  link  data  was  somewhat 
erratic  and  was  not  considered  valid. 

After  minor  adaptations  the  final  run  was  conducted.  The  model  was  inflated  and  deployed 
just  aft  of  the  capsule  in  approximately  0. 1  second.  The  reel  release  was  then  actuated  and  the 
model  was  deployed  at  a  rate  of  approximately  2  feet  per  second.  The  model  remained  fully 
inflated  throughout  the  entire  run  and  exhibited  excellent  yaw,  pitch,  and  roll  stability  over  the 
entire  Mach  number  range.  The  degree  of  stability  was  recorded  on  standard  and  high-speed  movie 
film.  The  drag  of  the  25-percent  scale  model  tethered  65  inches  alt  of  the  symmetrical  capsule 
(maximum  diameter  of  11. 125  inches)  is  presented  as  indicated  data  in  coefficient  form  at  the 
following  nominal  tunnel  parameters: 


PRESSURE 

DYNAMIC 

ALTITUDE 

PRESSURE 

REYNOLDS  NRJMBER 

O 

MACH  NUMBER 

(FEET) 

(PSF) 

PER  FOOT 

^D 

3.5 

162, 000 

17.1 

0. 99  X  10^ 

0.745 

3.0 

142, 000 

25.8 

1.30  X 105 

0.  720 

2.5 

123,000 

38.4 

1.  70  X  10“ 

0.  712 

2.5 

121,000 

41.5 

2.  20  X  10“ 

0.  720 

2.  3 

114, 000 

47.4 

2.  20  X  105 

0.  784 

2.0 

107, 000 

47.3 

2.  30  X  10“ 

0. 805 

4.  Summary 

(1)  The  25-percent  scale  model  (26. 1  inch  diameter)  was  successfully  inflated  and  deployed 
from  a  symmetrical  escape  capsule  at  a  pressure  altitude  of  162, 000  feet  and  a  Mach  number  of  3. 5. 
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(2)  Excellent  pitch,  yaw,  and  roll  stability  were  exhibited  by  a  spherical  drag  body  at 
Mach  3. 5  as  the  riser  line  length  was  increased  from  3  to  65  inches. 

(3)  The  25-percent  scale  model,  when  under- inflated,  deformed  to  a  pear  shape  at  Mach 
2. 0  and  exliibited  excellent  pitch  and  yaw  stability  characteristics  at  riser  line  lengths  of  approxi¬ 
mately  3  to  65  inches.  At  a  3-inch  riser  line  length  the  under- inflated  model  had  an  apparent  rapid 
spin  rate  about  the  riser  line  axis.  At  a  riser  line  length  of  65  inches,  however,  the  under-inflated 
pear-shaped  model  e^diibited  no  spinning.  The  measured  drag  coefficient  at  Mach  2. 0  for  the 
deformed,  pear-shaped  model  at  a  65- inch  riser  line  length  varied  from  0. 743  to  0. 695.  This 
resulted  from  a  temperature  Influence  on  the  drag  strain  gage  link. 

(4)  At  a  riser  line  length  of  65  Inches,  excellent  pitch,  yaw,  and  roll  stability 
characteristics  were  exhibited  by  both  7. 5-  and  25-  percent  scale  models  at  the  following  nominal 
tunnel  test  parameters; 


MACH  NUMBER 

PRESSURE  ALTITUDE 

DYNAMIC  PRESSURE 

3.5 

162, 000  ft 

16.8  psf 

3.2 

151, 000  ft 

21,8  psf 

3.0 

143, 000  ft 

25. 7  psf 

2.5 

123, 000  ft 

38.4  psf 
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SECTION  VII 


FLIGHT  TESTS 


A.  GENERAL 

Flight  testing  utilizing  a  Creo  test  missile,  the  finarphase  of  the  study  and  test  program, 
was  accomplished  at  the  Air  Proving  Ground  Center,  Elgin  Air  Force  Base,  Florida.  The  Cree  test 
missile,  launch  hardware,  and  test  methods  and  procedures  were  products  or  developments  of  the 
Cook  Research  Laboratories  Division  of  the  Cook  Electric  Company. 

B.  TEST  EQUIPMENT 

Equipment  used  on  both  test  missions  was  the  standard  Cree  missile  and  related  hardware 
shown  in  Figures  161.  162,  and  163. 

1.  Test  Vehicle 

A  standard  Model  60  Cree  test  vehicle  was  used  to  accomplish  the  test  missions.  This 
vehicle  contains  a  five-channel  telemetry  system,  a  high-speed  motion  picture  camera,  a  program¬ 
ming  system,  a  parachute  recovery  system,  and  a  flotation  system. 

a.  Telemetry  System.  The  following  data  was  gathered  by  the  five-channel  telemetry  system: 


(1)  Shock  Force 


/ 

> 


Figure  161.  Missile  Loading  Operation 
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(2)  Drag  Force 

(3)  Acceleration 

(4)  Differential  Pressure 

(5)  Inflatable  Decelerator  Internal  Pressure 

The  two  force  inputs  are  obtained  from  strain  gage  bridges  located  on  a  ring-type  tension 
measuring  link  located  between  the  missile  and  the  drag  device.  An  accelerometer  is  located  on  the 
missile  longitudinal  axis  in  the  forward  or  main  instrumentation  compartment.  Differential  pressure 
is  measured  by  a  pressure  transducer  which  receives  input  from  a  probe  on  the  tip  of  the  vehicle 
nose  spike.  Internal  pressure  is  measured  by  an  absolute-type  pressure  transducer  mounted  within 
the  inflatable  drag  device. 

b.  Photography.  A  motion  picture  camera  of  the  rotating  prism  type  is  mounted  in  the  aft 
compartment  of  the  test  vehicle.  The  camera  is  oriented  to  view  the  drag  device  being  tested.  A 
frame  speed  of  approximately  200  frames/second  was  employed. 

c.  Programming  System.  The  Cree  missile  programming  system  consists  of  two  electro¬ 
mechanical  timers.  These  timers  operate  independently  and  are  capable  of  controlling  a  number  of 
functions.  The  timers  have  a  120-second  capacity.  The  functions  which  are  normally  controlled  are: 

(1)  Pre-test  calibration 

(2)  Second-stage  separation 

(3)  Test  item  deployment 

(4)  Post-test  calibration 

(5)  Recovery  system  initiation 

(6)  Flotation  balloon  inflation 

d.  Recovery  System.  After  a  suitable  test  period  the  programming  system  initiates  the  recovery 
phase.  The  recovery  door  is  broken  open  by  a  pair  of  blasting  caps  and  a  strip  of  shaped  charge. 
Approximately  1/10  second  later  the  recovery  parachute  is  deployed  and  the  nose  ballast  separated. 

e.  Flotation  System.  When  the  payload,  descending  on  its  recovery  parachute,  reaches  a  pre¬ 
set  altitude  of  l6, 000  feet,  the  programming  system,  triggered  by  aneroid  switches,  initiates  the 
flotation  system.  An  explosive  valve  opens  and  air  stored  at  about  2250  psi  inflates  a  24-inch- 
diameter  flotation  balloon.  A  short  time  later  the  balloon  is  separated  from  the  missile  by  a  device 
which  cuts  the  filling  hose  and  the  tethering  lines.  The  balloon  then  moves  behind  the  recovery  para¬ 
chute  on  the  end  of  its  25-foof'riser. 

2.  Test  Package 

The  test  package  or  canister  is  a  conically-shaped  unit  enclosing  the  supersonic  inflatable 
decelerator  and  stabilization  test  device.  The  canister  measiures  43  inches  in  length  tapering  down 
from  a  diameter  of  18-1/4  inches  at  its  aft  end,  to  9.4  inches  at  its  forward  end  (see  Figure  164). 

The  skin  is  made  in  three  120-degree  sections  joined  together  at  the  ends  by  two  cast  rings.  The 
aft  ring  mounts  to  a  mating  ring  on  the  last-stage  Nike  booster.  The  forward  ring  fits  over  an  ex¬ 
tension  on  the  Cree  missile  rear  bulkhead.  The  stress  analysis  of  the  full  scale  decelerator  is 
presented  in  Reference  29. 

Each  ring  has  a  groove  running  around  its  entire  circumference.  The  groove  is  filled  with 
an  explosive  (flexible  linear-shaped  charge).  Setting  off  the  explosive  will  in  one  case  separate  the 
booster  from  the  test  package  and  in  the  other  separate  the  package  from  the  Cree  missile.  When 
the  aft  ring  is  separated  the  three  skin  sections  are  held  together  at  the  aft  end  by  three  small  clips. 
The  package  remains  intact  until  the  forward  ring  is  broken.  Once  this  is  accomplished  the  skin  sec¬ 
tions  are  free  to  swing  outward.  Springs  in  the  forward  section  force  the  skin  panels  outward. 


WADD  TR  60-182 


129 


Figure  164.  Nine-Foot-Diameter  Inflated  Deceleration  Balloon,  Packaging  Canister, 
Deployment  Reel,  and  Associated  Ejection  Hardware 


The  decelerator  and  stabilizator  test  device  is  an  inflatable  sphere  of  16-gore  construction, 
107  inches  in  diameter.  The  material  of  the  sphere  is  a  high-tenacity,  temperature-resistant. 
Dacron-neoprene  fabric  consisting  of  single-ply,  square-woven  cloth  arranged  with  warp  and  fill 
directions  parallel. 

Inflation  is  delayed  for  0.  35  second  to  permit  complete  separation  of  the  skin  panels. 
Inflation  is  initiated  by  the  actuation  of  an  explosive  valve  located  on  the  air  reservoir  within  the 
inflatable  drag  device.  As  the  drag  device  inflates,  a  constant  velocity  deployment  reel  permits  the 
decelerator  to  move  away  from  the  Cree  missile  to  a  predetermined  position. 

C.  TEST  RESULTS 

1.  GAC  Test  No.  1  ^ 

Description 


Date:  22  August  1960 
Time:  1206 

Test  Vehicle:  Type  II  Cree  (500  pounds) 

Method:  Ground  launch  -  zero  length 

Equipment:  Cree  launcher  (Pad  No.  1) 
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Launch  Angle:  83  degrees 
Azimuth:  128  degree^ 

Boosters:  Nike  first-stage,  Nike  second-stage 

Second-Stage  Ignition  Time:  t  +  20  seconds 

Second-Stage  Separation  Time:  t  +  58  seconds 

Test  Item  Deployment:  t  +  68  seconds 

Initiation  of  Recovery  Phase:  t  +  100  seconds 

Initiation  of  Flotation  System:  10,000  foot  altitude 

Test  Item:  Goodyear  9-foot  diameter  inflatable  drag  device 

Expected  Test  Velocity:  Mach  1.44 

Expected  Test  Altitude:  123,000  feet 

Expected  Dynamic  Pressure  at  Test  Altitude:  13.0  Ib/sq  feet 

Location  Aids:  (1)  Dye  marker 

(2)  Auxiliary  marker  buoy 

(3)  Sonar  beacon 

(4)  Radar  beacon 

Tracking  Aid:  Radar  Beacon 

Data  Gathering:  (1)  Five-channel  telemetry  system 

(2)  Contrave  Phototheodolites 

(3)  DOETS  telemetry  system 

(4)  Radar  beacon  and  skin  track 

Results 

The  missile  launch  appeared  normal.  First  stage  burnout  and  separation  occurred  on 
schedule.  Second  stage  ignited  at  the  scheduled  time  of  t  +  20  seconds,  and  burning  appeared  normal. 
It  was  not  possible  to  determine  the  time  of  second  stage  separation.  The  recovery  phase  apparently 
functioned  on  schedule  and  in  a  normal  manner.  Telemetry  records  and  rate  of  descent  indicate  that 
the  nose  weight  separated  and  the  recovery  parachute  deployed.  Telemetry  records  show  time  of 
flight  was  about  8  minutes  and  40  seconds. 

There  is  no  evidence  to  indicate  that  the  flotation  system  functioned.  In  the  impact  area 
three  definite  dye  marker  patches  were  signted.  No  flotation  balloon  or  auxiliary  marker  block  was 
visible.  A  search  in  the  impact  area  by  recovery  boats  proved  negative.  The  sonar  detector  received 
no  signal,  and  the  search  operation  was  complicated  by  very  rough  seas.  After  a  short  period  the 
sonar  detector  became  inoperative  and  the  search  had  to  be  temporarily  abandoned. 

The  search  was  resumed  the  following  day  after  the  sonar  detector  had  been  repaired.  The 
search  activity  was  continued  for  several  days  with  negative  results.  It  was  considered  impractical 
to  call  in  divers  until  a  more  accurate  impact  point  could  be  determined.  The  splash  point  was 
assumed  to  be  within  the  3/4-jnile  circle  flown  by  the  helicopter  which  was  orbiting  about  the  three 
dye  marker  patches  on  the  water  surface. 

The  search  was  never  resumed  since  the  available  data  did  not  produce  an  accurate  impact 

point. 

The  radar  beacon  was  tracked  from  launch  to  t  +  47. 8  seconds,  and  a  skin  track  was  estab¬ 
lished  at  approximately  34,000  feet  during  missile  descent  and  was  lost  at  approximately  25,000 
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feet.  A  plot  of  the  reduced  radar  data,  altitude  versus  range,  is  presented  in  Figure  165.  The 
predicted  trajectory  is  also  presented  for  comparison  purposes.  At  t  +  45  seconds  the  radar  tra¬ 
jectory  shows  a  marked  deviation  from  the  predicted  no-wind  trajectory. 

Figure  166  is  a  plot  of  MSQ-IA  radar  data.  Altitude,  velocity,  Mach  number,  and  dynamic 
pressure  are  shown  as  a  function  of  time  from  t  =  0  to  t  +  47.  8  seconds.  Although  data  was  obtained 
by  the  contrave  phototheodolites  for  the  initial  18  seconds  of  flight,  the  results  were  of  questionable 
accuracy  and  were  abandoijed  in  favor  of  the  radar  data. 

Figure  167  shows  the  response  of  various  instrumentation  to  loading  immediately  following 
deployment  of  the  inflatable  drag  device.  This  figure  is  not  presented  to  show  load  magnitudes  but 
rather  to  indicate  the  various  events  occurring  during  the  deployment  sequence.  Figure  167  shows 
that  a  very  erratic  drag  device  internal  pressure  trace  was  recorded.  The  missing  segments  of  the 
curve  represent  times  at  which  the  frequency  of  data  oscillation  exceeded  the  response  level  of  the 
playback  instrumentation.  A  partial  profile  of  the  internal  pressure  data  trace  deflections  (measured 
in  millimeters)  is  presented.  No  further  data  were  available  after  deployment  +  0.97  seconds. 

The  apparent  drag  forces  shown  in  Figure  167  represent  only  the  steady  state  response  of 
a  damaged  tensiometer.  Investigation  of  telemetry  records  at  times  subsequent  to  deployment  +1.4 
seconds  showed  no  change  in  apparent  force  level  to  the  end  of  the  record.  Tensiometer  response  to 
shock  forces  (70  KC  channel),  though  not  presented  here,  exhibit  similar  characteristics  with  an  ap¬ 
parent  force  level  of  560  pounds  attained  at  deployment  +  0.  5  second  and  maintained  throughout  the 
remainder  of  the  data  record.  Peak  drag  and  shock  forces,  though  not  measurable,  show  indications 
of  exceeding  the  operational  limit  (1000  pounds)  of  the  tensiometer. 

A  study  of  Figure  167  to  determine  only  a  sequence  of  events  will  show: 

(1)  Deployment,  separation  of  the  Goodyear  package  from  the  Cree  missile,  was  initiated 
at  t  -r  69. 44  seconds  (from  accelerometer  data,  see  (1)).  It  is  not  known  if  separation 
had  been  accomplished  at  this  time. 

(2)  Acceleration  began  to  decrease  at  deployment  +  0. 11  second  (see  (2))  and  became  neg¬ 
ative  at  deployment  +  0. 14  second.  However,  investigation  of  the  drag  data  shows  that 
no  load  measurement  was  recorded  at  this  time.  It  must  be  concluded  that  drag  forces 
causing  missile  negative  acceleration  were  transferred  from  the  deployed  stabilizator- 
decelerator  to  the  missile  by 

(a)  The  riser  line  momentarily  hanging  on  a  protrusion  such  as  a  bolt-end. 

(b)  Momentary  kinking  of  the  riser  line  aroimd  the  tensiometer. 

(c)  Incomplete  cutting  action  of  the  shaped  charge  preventing  separation  or  causing 
binding  between  the  ring  and  mounting  plate  that  was  sufficient  to  prevent  sep¬ 
aration. 

(d)  The  second  stage  booster  still  attached  or  in  close  proximity  to  the  payload. 

(3)  Internal  pressure  at  time  of  deployment  was  probably  higher  than  ambient  at  test  alti¬ 
tude  but  somewhat  less  than  sea  level  ambient,  and  most  likely  exceeded  the  range 
(0-2  psia)  of  the  Statham  transducer.  Thus,  the  zero  pressure  reading  of  Figure  166 
would  represent  a  100  percent  deflection.  After  deployment  and  release  of  one  or  more 
of  the  canister  panels,  the  drag  device  would  expand  due  to  residual  pressure  in  the 
balloon  resulting  in  a  decreasing  measured  pressure  and  increasing  volume.  Accom¬ 
panying  the  increase  in  drag  ai’ea  is  a  corresponding  increase  in  negative  acceleration 
from  deployment  +  0. 14  second  to  deployment  +  0. 32  second. 

(4)  At  approximately  deployment  +0.32  second  negative  acceleration  began  to  decline  to¬ 
wards  zero  indicating  the  possibility  that  separation  of  the  inflatable  drag  device  and 
the  missile  had  occurred  and  that  a  portion  of  the  drag  force  generated  by  the  inflatable 
drag  device  was  being  expended  in  imreeling  cable  while  the  remaining  force  was  ex¬ 
pended  by  imparting  a  negative  acceleration  to  the  missile.  At  the  corresponding  de¬ 
ployment  time  the  tensiometer  channel  indicated  presence  of  a  negatively  applied  load. 

It  was  impossible  to  ascertain  the  reason  for  the  negative  load.  The  fact  that  a  data 
deflection  did  occur  at  this  time  must  lead  to  the  conclusion  that  physical  load  of  some 
sort  was  subjected  to  the  tensiometer. 
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ALTITUDE  -  KILOFEET 


NOTES 

1.  MSO  1-A  RADAR  LOST  TRACK 
AT  LAUNCH  +  47.  7999  SECONDS 

2.  MISSILE  RELOCATED  DURING 
DESCENT  AT.  AN  ALTITUDE  OF 
APPROX  34,  000  FEET,  AND 
LOST  AGAIN  AT  APPROX 

25,  000  FEET 


RANGE  -  KILOFEET 


Figure  165.  Predicted  and  Actual  Trajectories  for  Cree  Mission  GAC  No.  1 
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DEPLOYMENT 

(T  +  69. 44)  TIME  -  SECONDS 


Figure  167.  Telemetry  Data  versus  Time  Test  Mission  GAC  No.  1 
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(5)  Initiation  of  inflation  (programmed  to  occur  at  deployment  +  0.  35  second)  may  be 
evidenced  by  event  (3). 

(6)  Maximum  drag  forces  (not  shown  on  force  channel)  and  corresponding  peak  negative 
acceleration  occurred  at  deployment  +  0.48  second  ,  approximately  0.12  second  sub¬ 
sequent  to  initiation  of  inflation  (see  (4)).  If  the  peak  negative  acceleration  is  assumed 
to  be  correct  an  approximate  drag  force  of  2100  pounds  is  generated  at  a  full  inflated 
condition. 

2.  GAC  Test  No.  2 
Description 

Date:  21  November  1960 
Time:  1200 

Test  Vehicle:  Type  n  Cree  (500  pounds) 

Method:  Ground  launch  from  rails 
Equipment:  Jason  launcher  (Pad  No.  2) 

Launch  Angle:  83  degrees 
Azimuth:  150  d/grees 

Boosters:  First-stage  Nike,  second-stage  Nike 

Second-Stage  Ignition  Time:  t  +  20  seconds 

Second-Stage  Separation  Time:  t  +  40  seconds 

Test  Time:  t  +  65  seconds 

Initiation  of  Recovery  Phase:  t  +  100  seconds 

Flotation  System  Inflation:  10,000-foot  altitude 

Test  Item:  Goodyear  9-foot  diameter  inflatable  drag  device 

Expected  Test  Velocity:  Mach  1.52 

Expected  Test  Altitude:  122, 000  feet 

Expected  Dynamic  Pressure  at  Test  Altitude:  13.5  Ib/sq  feet 

Location  Aids:  (1)  Radar  beacon 

(2)  Sonar  beacon 

(3)  Dye  marker 

Tracking  Aids:  (1)  Radar  beacon 
(2)  Flares 

Data  Gathering  Capability:  (1)  Five-channel  telemetry  system 

(2)  Contrave  Phototheodolite 

(3)  DOETS  telemetry  system 

(4)  Radar  skin  and  beacon  track 
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Results 


Launch  and  trajectory  through  second  stage  burning  appeared  normal.  Radar  tracked  the 
missile  by  beacon  to  t  +  65  seconds  and  an  altitude  o£  99, 000  feet.  At  this  point  the  beacon  was  lost 
and  a  skin  track  was  maintained  to  the  splash  point.  Splash  was  at  t  +  11.56  minutes  at  an  azimuth 
of  117  degrees  and  a  range  of  74,810  yards.  The  flotation  system  functioned  perfectly,  the  balloon 
and  dye  marker  was  sighted  by  the  search  aircraft  and  the  missile  was  on  board  the  crash  boat 
within  45  minutes  of  the  splash  time.  Examination  of  the  recovered  test  vehicle  revealed  that  the 
flotation  and  recovery  systems  had  functioned  satisfactorily.  The  Goodyear  inflatable  drag  device 
was  not  attached  to  the  test  vehicle.  The  3/16-inch  diameter  attachment  cable  was  broken  at  the 
tensiometer  connector  (see  Figure  168).  The  3000  pound  range  tensiometer  suffered  an  overload 
during  the  test.  The  missile  camera  was  operating  during  the  entire  test.  Water  leaked  into  the 
camera  compartment  causing  the  exposed  film  to  become  wet.  However,  the  film  was  not  damaged 
appreciably. 


/ 

Figure  168.  Ballute-to-Tensiometer  Connector 


Data  Reduction 

The  radar  beacon  was  tracked  from  launch  to  t  +  65  seconds  and  altitude  of  approximately 
99,  000  feet.  Contrave  phototheodolite  tracked  from  launch  to  t  +  23.  0  seconds.  A  successful  skin 
track  was  obtained  by  the  FPS-16  radar  for  the  entire  mission.  A  plot  of  the  reduced  radar  data, 
altitude  versus  range,  is  presented  in  Figure  169.  The  predicted  trajectory  is  also  presented  for 
comparison  purposes.  There  was  a  rather  large  difference  between  predicted  (no  wind)  trajectories 
and  actual  trajectories.  This  deviation  from  the  predicted  becomes  more  apparent  at  times  sub¬ 
sequent  to  t  +  20. 0  seconds. 

Figure  170  shows  radar  and  contrave  data  as  a  function  of  time.  Inflection  points  in  the 
velocity  and  Mach  number  profiles  at  t  +  40  seconds  indicate  an  event  occurred  at  this  time. 

A  telemetry  check  prior  to  launch  showed  the  system  to  be  in  satisfactory  working  order, 
and  good  signal  strength  was  received  throughout  the  test  period. 

Figure  171  presents  time  history  profiles  of  pertinent  data  accumulated  during  test  mission 
No.  2.  Shown  are  differential  acceleration,  measured  with  reference  to  the  missile's  acceleration 
immediately  prior  to  decelerator  deployment,  drag  force,  and  internal  pressure.  Reduction  of  tele¬ 
metry  recordings  revealed  that  deployment  occurred  prematurely  at  t  +  40.23  seconds.  At  this  time 
the  acceleration  channel  experienced  a  high  frequency  disturbance  with  deflections  exceeding  the 
limits  +  1  g  and  -  7  g  (see  Figure  171)  and  inflation  was  initiated.  Pressures  are  measured  from 
full  scale  deflection.  Pressure  before  deployment  exceeds  or  equals  the  range  of  the  pressure 
transducer  (5  psia  in  this  case)  and  will  decline  to  an  equilibrium  pressure  after  deployment.  During 
preflight  testing  of  the  missile  it  was  noted  that  one  arm  of  the  transducer  strain  gage  bridge  was 
open.  The  arm  was  replaced  with  a  precision  resistor  and  its  response  was  presented  as  data  trace 
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ALTITUDE  -  KILOFEET 


RANGE  -  KILOFEET 


Figure  169.  Predicted  and  Actual  Trajectories  for  Cree  Mission  GAC  No.  2 
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Figure  170.  Radar  and  Con:rave  Data  versus  Time  on  Cree  Mission  GAC  No. 


deflection  measured  in  inches.  However,  it  was  found  by  estimating  a  calibration  that  one  inch  of 
pressure  data  deflection  was  approximately  equal  to  5.45  psia.  Thus,  the  internal  pressure  attained 
at  deployment  +  0.  80  second  was  on  the  order  of  1.  5  psia. 

Negative  acceleration  roaches  peak  values  of  5. 8  g's  and  6.  2  g's  at  deployment  +  0.  62  and 
0.71  seconds.  At  corresponding  deployment  times  it  should  be  noted  that  no  load  measurement  was 
recorded.  As  in  the  previous  test,  it  is  believed  that  drag  loads  were  transferred  from  the  Goodyear 
package  to  the  missile  before  actual  physical  separation  had  occurred.  Departure  of  the  two  packages 
apparently  results  at  deployment  +  0.  81  second  as  evidenced  by  the  trace  of  drag  force  shown  in 
Figure  171.  The  peaJt  recorded  drag  load  was  2400  pounds  occurring  at  deployment  +  0.82  second. 
Both  force  chaimels  were  in  good  agreement  with  a  peak  shock  force  of  2360  pounds  occurring  at 
deployment  +0.  82  second .  The  data  further  indicates  that  at  this  time  malfunction  of  the  tensiometer 
occurred  and  that  the  actual  maximum  load  was  not  recorded.  Very  shortly  thereafter,  both  force 
channels  and  the  internal  pressure  channel  apparently  became  inoperative.  The  data  traces  shift  to 
a  new  level  where  they  remain  to  the  end  of  the  record.  Inspection  of  telemetry  records  at  the  time 
of  the  programmed  deployment  (t  +  65  seconds)  shows  no  indication  of  an  event. 

/ 

Post-test  examination  of  the  tensiometer  revealed  that  the  strain  gages  had  separated  and 
neither  channel  was  functioning.  Recalibration  of  the  tensiometer  to  maximum  load  revealed  a  break 
in  one  of  the  arms.  Therefore,  it  can  be  concluded  that  the  tensiometer  suffered  an  overload  during 
the  test.  The  magnitude  of  this  force  can  be  estimated  as  being  more  than  3000  pounds,  which  is  the 
peak  force  the  tensiometer  could  measure,  and  less  than  6000  pounds  which  is  the  ultimate  strength 
of  the  tensiometer. 

A  further  indication  of  the  magnitude  of  the  force  can  be  deduced  from  the  fact  that  the  3/16- 
inch  diameter  steel  cable  used  to  fasten  the  inflatable  aerodynamic  decelerator  to  the  tensiometer  had 
parted  at  the  tensiometer  fitting.  This  cable  had  a  rated  breaking  strength  of  4200  pounds. 

Cause  of  premature  initiation  of  the  test  item  deployment  could  not  be  ascertained. 

During  the  pre-flight  checkout,  the  various  program  functions  were  led  to  their  associated, 
clearly  marked  connectors.  When  the  test  package  was  installed  all  connections  were  made  and 
inspected  by  experienced  personnel  from  both  Goodyear  and  Cook.  A  post-flight  inspection  of  the 
timing  system  revealed  that  the  missile  programming  functions  were  correct  as  marked  and  that 
the  programming  system  was  still  functioning  properly. 

Camera  coverage  was  initiated,  as  programmed,  at  t  +  63  seconds.  Viewing  of  the  film 
showed  that  the  drag  device  had  deployed  prematurely  and  had  broken  free  of  the  missile  before 
t  +  63  seconds.  At  the  preliminary  viewing  of  the  test  film  many  speculations  as  to  the  nature  of 
various  objects  within  the  camera's  field  of  view  were  advanced  for  consideration.  Among  these 
were; 

(1)  A  fragment  of  the  drag  device 

(2)  The  flotation  balloon 

(3)  The  recovery  parachute 

(4)  Drag  device  suspension  cable 

(5)  Electrical  cables  for  various  functions 

After  close  investigation  of  the  film  it  was  ascertained  that  the  tensiometer  cable  and  front 
and  rear  Goodyear  explosive  cables  were  all  visible  at  various  intervals  throughout  the  film.  The 
object  that  was  tentatively  identified  as  a  fragment  of  the  drag  device  or  recovery  parachute  was 
positively  identified  to  be  taped-up  De  Jur  Amsco  connectors  viewed  at  very  close  range  rather  than 
a  relatively  large  object  viewed  at  a  distance.  The  method  by  which  these  connectors  were  taped 
is  shown  in  Figure  172. 

It  becomes  obvious  that  the  resulting  shape  is  Identical  to  that  appearing  in  the  test  film 
(see  Figure  173). 
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TO  GOODYEAR 
PACKAGE 


TWO  DE  JUR  AMSCO 
(ONE  SHOWN) 

2  PIN  CONNECTORS 
(GOODYEAR  EXPLOSIVES) 


TO  CREE  MISSILE  TIMER 
WRAPPED  WITH  BLACK  ELECTRICAL  TAPE 


Figure  172.  Missile  Camera  View  at  t  +  63.35  Seconds 


Figure  173.  Missile  Camera  View  at  t  +  64. 00  Seconds 
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Shown  in  Figure  173  are  the  positions  of: 

(1)  Wrapped  connector 

(2)  Tensiometer  cable 

(3)  Front  explosive  cable 

A  metsdllic  object  that  remains  unidentified  is  shown  as  item  (4). 

D.  CONCLUSIONS 

Since  dynamic  pressure,  altitude,  and  Mach  number  as  a  function  of  time  for  test  No.  1 
(see  Figure  166)  do  not  include  the  deployment  period  (t  +  69.44),  comments  will  be  presented  on 
test  No.  2  results  only. 

In  Test  No.  2,  comparison  of  the  expected  dynamic  pressu  re  (13. 5  psf)  with  the  actual 
dynamic  pressure  (500  psf)  (see  Figure  169)  results  in  a  flight  condition  that  exceeded  the  design 
criteria  by  a  magnitude  of  approximately  37  to  1.  This  extreme  flight  condition  resulted  in  over¬ 
loading  the  inflatable  decelerator  to  the  extent  that  the  decelerator  was  operable  for  a  short  period 
of  time  (see  Figure  170).  The  differential  drag  oscillation  shown  in  Figure  170  could  be  attributed 
to  the  dampening  action  of  the  riser  line  and  the  deploying  period  of  the  reel. 

Test  results  indicate  that  an  inflatable  stabilizator-decelerator  can  be  of  lightweight 
design,  packaged  in  a  relatively  small  volume,  and  deployed  and  inflated  with  a  high  degree  of 
reliability  due  to  the  simplicity  of  design  and  operation. 
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SECTION  vra 


CONCLUSIONS  AND  RECOMMENDATIONS 


A.  CONCLUSIONS 

It  can  be  concluded  from  the  theoretical  analysis  and  its  substantiation  by  wind  tunnel  test 
data  that  an  inflatable  stabilization  and  deceleration  system  for  high-speed,  high-altitude  flight 
regimes  is  feasible  and  practical. 

The  stability  and  drag  data  obtained  during  the  theoretical  analysis  is  confirmed  by  the 
wind  tunnel  tests  conducted  by  deployment  in  a  high-altitude  and  high-speed  regime.  The  flight  test 
data  verifies  the  feasibility  of  an  inflatable  drag-producing  system  which  can  be  packaged  and 
stored  in  a  light-weight  container,  and  inflated  and  deployed  with  a  minimum  of  initial  aerodynamic 
loading. 


The  theoretical  thermodynamic  data  indicates  that  the  inflatable  system  can  be  designed  to 
withstand  aerodynamic  heating. 

Wind  tunnel  tests  indicate  that  three  distinct  types  of  wake  flow  exist  between  two  bodies 
when  a  secondary  body  is  in  the  wake  of  a  primary  body.  The  three  t3rpes  of  flow  are  turbulent, 
transitional,  and  laminar.  The  three  types  of  flow  are  governed  by  the  Mach  number,  the  distance 
between  the  two  bodies,  and  the  relative  size  of  the  bodies.  The  wind  tunnel  tests  provide  the  fol¬ 
lowing  information; 

(1)  The  drag  from  the  secondary  body  is  greater  when  lamiriar  wake  flow  exists 
between  the  primary  and  secondary  bodies. 

(2)  The  optimum  distance  for  greatest  drag  is  governed  by  Mach  number  and 
relative  size  of  the  primary  body  to  the  secondary  body. 

(3)  Excellent  stability  characteristics  have  been  e.\hibited  by  tethered, 
inflatable,  rigid  spheres  in  the  wake  of  various- shaped  primary  bodies. 

Flight  tests  of  an  inflatable  drag  device  with  a  ballistic  coefficient  of  10  in  a  high-speed, 
high-altitude  flight  regime  indicate  the  following: 

(1)  Light-weight,  temperature-resistant  fabrics  can  be  used  in  fabrication. 

(2)  A  small,  light-weight  container  can  be  used  for  packaging  and  storing. 

(3)  The  device  can  be  positively  ejected. 

(4)  Inflation  can  be  accomplished  by  a  self-contained,  light-weight 
pressurization  system. 

(5)  Deployment  from  the  primary  body  can  occur  at  a  constant  velocity. 

This  would  minimize  the  initial  aerodynamic  loading. 

Generally,  it  can  be  concluded  that  an  inflatable  ^here  utilizing  readily  available  material 
and  present-day  manufacturing  methods  is  feasible  and  a  practicable  method  of  decelerating  and 
stabilizing  a  recoverable  payload  from  high-altitude  and  high-speed  flight  regimes. 

B.  RECOMMENDATIONS 

To  establish  more  complete  data,  consideration  should  be  given  to  performing  additional 
full-scale,  free-fUght  tests  at  conditions  commensurate  with  the  design  parameters  of  the  present 
configuration.  The  free  fligjif^ could  be  accomplished  by  utilizing  a  stratospheric  ascension  balloon 
or  a  Cree-Nike  booster,  programmed  to  more  accurately  achieve  the  flight  test  deployment 
condition. 
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Various  payload  and  drag-producing  configurations  should  be  investigated  to  ascertain 
c^abilities  and  limitations  for  operation  at  hypersonic  speeds  and  high  altitudes.  The  flight 
conditions  could  encompass  a  re^me  of  Mach  4. 0  at  70, 000  to  120, 000  feet  altitude  over  a  weight- 
to-drag  ratio  range  of  1,  10,  50,  and  100, 

A  parametric  performance  study  should  be  conducted  to  establish  the  aerodynamic,  thermo¬ 
dynamic,  and  material  requirements  for  the  flight  regime  described  in  the  preceding  paragraph. 
Various  configurations  should  be  investigated  to  determine  the  qptimum  drag  device.  These  con¬ 
figurations  should  include  sperical,  hemispherical  toroids,  various- shaped  cones,  and  their 
combinations.  Variation  of  the  drag  area  in  these  configurations  should  also  be  investigated. 

Various  techniques  for  inflating  the  optimum  shape  should  be  investigated  and  should  include  a 
determination  for  maintaining  inflation  pressure  throughout  the  descent  trajectory  down  to  sea 
level.  This  could  eliminate  the  requirement  for  deployment  of  a  final-stage  parachute.  A  material 
Investigation  should  be  conducted  to  evaluate  gas-tightness,  flexibility,  and  strength  of  metallic 
and  non- metallic  fabric  at  elevated  temperatures  up  to  1500*^F  which  would  extend  the  initial 
recovery  capability  into  the  hypersonic  flight  regime.  Material  determination  should  include 
consideration  of  fabrication  and  field  maintenance  techniques. 
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a 

Cd 

d 

E 

e 

G 

H 

Lm 

Me 

P 

Q 

q 

Re 

r 

Tm 

t 

V 
Vs 
Vx 
Vz 
z 

V 
A 

p 


LIST  OF  SYMBOLS 

TRAJECTORY  ANALYSIS 
acceleration  due  to  vector  sum  of  A(jr.ag  +  Ajift 
acceleration  due  to  drag 
acceleration  due  to  lift 

semi -major  axis  (applies  for  eccentricity  - 1) 
coefficient  of  drag 

diameter  of  equivalent  frontal  area  (ft) 

geometric  variable  (useful  for  simplifying  equations) 

eccentricity  of  orbit 

universal  gravity  constant 

geopotential  altitude  (ft)| 

rate  of  change  of  temperature  with  altitude  °R 

mass  of  the  earth  =  M/G 

pressure  (subscript  B  =  at  base  of  layer)  psi 
0.0341647942°K/meter 
dynamic  pressure  (l/2pV^) 
radius  of  the  earth  (3960  miles) 

distance  from  center  of  earth  from  point  considered  (ft) 
molecular  scale  temperature  °R 
time  (seconds) 

total  velocity  (vector  sum)  (ft/sec) 
velocity  of  sound  (ft/sec) 
local  horizontal  velocity 
local  vertical  velocity  in  feet  per  second 
geometric  altitude  in  feet 
1.4065107  x  10® 


0 


increment  of  a  variable 
atmosphere  density  (slugs/ft^) 
angular  displacement  from  apogee 


/ 

Ch 

Cpa 

Cpm 

Cm 

h 


K 


A,B 
Cl,  C2 


D 
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THERMODYNAMICS 
Stanton  Number  -  free  stream 

specific  heat  -  air  (BTU/lb/OF) 

specific  heat  -  material  (BTU/lb/op) 

specific  heat  of  sink 

convective  heat  transfer  coefficient 

Thermal  conductivity  (BTU/hr  sq  ft  °F/ft) 

free  stream  Mach  number 

heat  flux  to  body  wall 

ambient  temperature  (°F) 

temperature  of  increment  1  to  8  (°F) 

adiabatic  wall  temperature  (^F) 

temperature  of  n^*’  Uiickness  increment  (°F) 

recovery  temperature  (®F) 

free  stream  temperature 

wall  temperature  (°F) 

body  wall  temperature 

velocity-free  stream  (fps) 

weight  of  platinum  heat  sink 

material  thickness  increment 

density  air  free  stream  (slugs/sq  ft) 

emissivity  of  sink 

Stefan-Boltzmann  constant  of  radiation 
time  increment  (sec) 
density  material  (Ib/sq  ft) 


STRESS  ANALYSIS 
sphere  radius  (in.) 
constant  coefficients 
constants  of  integration 
total  drag  (lb) 


STRESS  ANALYSIS  (Continued) 


Dp 

E 

H 

N^. 

Pi 

Po.PSig 


R 

ri,  r2 

ro 


R 


0 


Subscript  1 
Subscript  2 
T 
Th 

Tn 


w 


W 


Wr 


0 


x. 


Ab 


a 


drag  on  area  Qto  (lb) 
drag  on  back  half  of  sphere  (lb) 
drag  on  front  half  of  sphere  (lb) 
modulus  of  fabric  in  tension  (Ib/in.) 
radial  loads  on  hoop  cable  (lb) 
fabric  stresses  (lb) 
internal  pressure  (psig) 

pressure  buildup  on  sphere  surface  =  absolute  pressure  - 

local  ambient  pressure  (psia) 

tension  in  main  cable  (lb) 

principle  radii  of  curvature  at  any  point  (in. ) 

radius  of  attaching  circle  (in.) 

sum  of  external  loads,  pounds,  in  vertical  direction  on  segment 
subtended  by  angle  tp 

region  inside  hoop  cable  (0<  lA  <  i/»q) 

region  outside  hoop  cable  (i^o<  72) 

tension  in  attaching  cables  (lb) 

tension  in  hoop  cable  (lb) 

tangential  load  applied  to  sphere  (Ib/cab’e) 

tangential  deflection  of  a  point  (Ib) 

radial  deflection  of  a  point  (in. ) 

weight  of  payload  and  spherical  decelerator  system  (lb) 
weight  of  payload  (lb) 

angle  of  attaching  cables  with  parallel  circle  (degrees) 
fabric  strain  in  direction  of  parallel  circles 
Poisson's  ratio 

AERODYNAMICS 

sphere  frontal  area  (ft^) 
primary  body  (payload)  frontal  area  (ft^) 
speed  of  sound  at  free  stream  condition  (ft/sec) 
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AERODYNAMICS  (Continued) 


Cj)  =  drag  coefficient  (X/q^n) 

r" 

(Cd)p  "  pressure  drag,  Jq  CpSin2f>d0 

(^D^f  =  friction  drag 

Cp  =  pressure  coefficient  (P^  -  Pi)/q 

D  ;  sphere  diameter  (8  inches) 

Lr  :  spike  length  or  riser  line  length  (in. ) 

M  :  Mach  number  (V/a) 

Pi  =  free  stream  static  pressure  (psi) 

=  local  pressure  on  sphere  (psi) 
q  z  pv2/2  (lb/ft2) 

R  -  ^  Reynolds  number  (VD  P/p  ) 

V  z  free  stream  velocity  (ft/sec) 

W  =  weight  (lb) 

X  =  drag  (lb) 

a  =  angle  of  attack  (deg) 

0  :  angular  measurement  on  sphere  (deg) 

p  z  dynamic  viscosity  (slugs/ft  sec) 

p  s  free  stream  air  density  (slugs/ft^) 
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